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Preface 


Surprise  is  the  reaction  often  encountered  whec  a  biological  researcher  first  leants  that 
AlT,  the  “«iergy  currency  of  the  cell«**  triggers  responses  aHer  the  nucleotide  is  added 
to  a  cell’s  exterior.  Upon  entry  into  this  research  area,  it  is  then,  perhaps,  difficult  to 
become  comfortable  mth  other  concepts  that  «nerge,  b<»^use  it  is  typical  of  extracellu* 
lar  ATP  that  the  unexpected  becomes  expected,  and  the  unconventional  becomes  new 
dogma.  For  two  decades  Professor  Geoffiey  Bumstcck,  the  acknowledged  doyen  of 
the  field,  has  labored  cleverly  and  intensely  to  understand  various  roles  of  extracellular 
ATP  in  the  body,  and  to  gaLi  acceptance  of  these  roles.  It  is  because  of  his  insights 
that  we  met  as  a  sdentific  body  to  exchange  information  in  this  now-recognized,  fast- 
growing  adventure.  This  conference  is  a  tribute  to  Professor  Bumstock’s  perseverance, 
and  to  his  resilience  to  the  regular  criticism  of  skeptics. 

The  conference  was  held  because  thesubject  of  the  biological  actions  of  extracellular 
ATP  had  never  before  been  treated  as  such.  At  many  purine  nucleoside/nucleotide 
meetings  over  the  years,  ATP  was  overshadowed  by  adenosine,  primarily  because 
adenosine  research  is  a  vast  area  in  and  of  itself.  This  conference  was  held  to  bring 
together  investigators  who  have  been  studying  various  aspects  of  extracellular  ATP, 
and  doing  so  in  very  diverse  biological  systems  The  general  plan  of  the  program 
was  to  stimulate  discussion  and  to  disseminate  information  about  ATP  structure  and 
chemistry,  storage  and  release,  metabolism,  and  transductlve  effects  involving  specific 
receptors  in  a  wide  range  of  cell  types.  The  Table  of  Contents  reflects  a  deliberate 
attempt  at  diversity.  The  conference  was  three  days  long  and  contained  two  poster 
sessions. 

The  assistance  provided  by  the  staff  of  The  New  York  Academy  of  Sciences  was 
remarkable,  and,  perhaps,  unequaled  In  our  expenence  Tins  allowed  us  to  focus  our 
attention  on  the  pleasant  aspects  of  planning,  such  as  program  content  ard  inviting 
investigators  tc  participate.  For  their  great  organizational  skills,  efficiency  and  encour¬ 
agement,  we  are  grateful  to  Ellen  Marks,  Ren«  Wilkerson,  and  Gcri  Busacco.  The 
slides  were  never  out  of  focus,  and  we  thank  Cyril  Uchtcnstcigcr  for  his  keen  vision. 
The  expert  guidance  of  our  Conference  Subcommitt^,  consisting  of  Drs.  Anne  Briscoe, 
Walter  Scott,  Fleur  Strand,  and  Philip  Siekevitz,  was  useful  every  step  of  the  way. 
Without  the  financial  support  from  the  organizations  listed  on  a  previous  page,  the 
conference  would  have  b«n  critically  compromised.  On  behalf  of  ourselves  and  all  of 
ths  participants,  we  are  especially  grateful  to  the  Conference  Committee,  and  to  The 
New  York  Academy  of  Sciences,  for  being  willing  to  sponsor  the  conference. 

Lastly,  Samuel  C.  Silverstcin,  during  the  question  period  of  the  session  he  co- 
chaired,  was  inclined  to  reveal  his  ability  to  grapple  with  the  age-old  poetry-in>science 
chimera  in  penning: 


Oh  tell  me  Lord  how  it  could  be. 

That  though  our  cells  make  ATP, 

It’s  not  all  used  for  energy, 

But  sometimes  is  secreted  free. 

It  pu7j:Ies  you,  it  puzzles  me, 

While  Geoffrey  Bumstock  smiles  with  glee 
At  the  ir.»  Jiy  roles  of  ATP 
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HISTORICAL  BACKGROUND 


The  potent  extracellular  actions  of  punne  nucleosides  and  nucleotides  were  first 
recognized  by  Drury  and  Szent»Gyorgyi.'  Following  this  report,  there  was  considerable 
activity  within  the  held,  with  particular  emphasis  being  placed  on  the  actions  of 
adenosine  and  ATP  on  the  cardiovascular  system  and  their  resultant  shock^mduemg 
properties;  the  basic  aspects  of  this  work  were  summarized  by  Green  and  Stoner* 
Punng  the  same  period,  the  clinical  effects  of  ATP  administration  in  man  were  being 
widely  explored,  especially  in  geriatric  patients  with  cardiovascular  disorders.  An 
extensive  review  of  the  mwJical  literature  was  published  by  Boettge  et  al,^  who  drew 
special  attention  to  the  physiological  significance,  pharmacological  action,  and  ther* 
apeutic  use  of  the  adenyl  compounds  in  man. 

Tlie  potent  vasodilatory  actions  of  adenyl  compounds  led  Holton  and  Holton*  to 
suggest  that  ATP  might  be  the  vasodilatory  substance  that  was  released  on  antidromic 
stimulation  of  sensory  nerves.  Subsequently,  it  was  shown  that  antidromic  stimulation 
of  the  gieat  auncular  nerve,  which  results  in  vasodilatation  of  the  rabbit  ear  vessels, 
was  accompanied  by  ATP  release.’ 

The  sensitivity  of  the  coronary  vasculature  to  these  same  compounds  prompted 
Berne*  to  propose  that  adenosine  was  the  physiological  mediator  of  the  coronaiy 
vasodilatation  associated  with  myocardial  hypoxia.  This  hypothesis  was  based  on  the 
observation  that  inosine  and  hypoxanthine,  the  degradative  products  of  adenosine, 
were  found  in  the  effluents  of  isolated  perfused  cat  heart  and  in  the  coronary  sinus 
blood  of  dog  heart  that  had  been  subjected  to  severe  hypoxia.*  It  was  postulate  that, 
dunng  myocardial  hypoxia,  intracellular  ATP  was  degraded  to  adenosine,  which 
crossed  the  sarcolemma  and  induced  relaxation  of  the  vascular  smooth  muscle  of  the 
resistance  vessels.  Because  ATP  is  usually  more  potent  than  adenosine  m  producing 
vasodilatation  of  coronary  vessels,  and  because  increased  levels  of  ATP  have  now 
been  found  in  the  perfusates  from  hypoxic  hearts,  the  possibility  that  ATP  makes  a 
more  significant  contnbution  than  adenosine  to  the  physiological  regulation  of  cor¬ 
onary  blood  vessels  was  considered.’ 
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A  component  that  was  neither  adrener^c  nor  cholinergic  was  recognized  in  the 
autonomic  nervous  system  in  the  early  1960s.**  Nonadrenergic,  noncholmergic  nerves 
are  strongly  represented  in  the  gastrointestinal  tract  of  a  wide  range  of  vertebrate 
species  and  have  also  been  identified  in  a  variety  of  other  organs,  including  lung, 
bladder,  seminal  vesicles,  esophagus,  uterus,  eye,  trachea,  and  parts  of  the  cardiovas* 
cular  system.  Using  the  criteria  auinmanzed  by  Ecclcs*''  for  tiie  acceptance  of  putative 
neurotransiiiitters,  Bumstock“  proposed  that  the  principal  active  substance  released 
from  at  least  some  of  these  nerves  was  the  purine  nucleotide,  ATP.  Early  evidence 
supporting  the  hypothesis  included  the  observations  that  ATP  was  synthesi;^,  stored, 
and  released  from  nonadrenergic,  noncholmergic  nerves  supplying  the  smooth  muscle 
of  the  intestine  and  that  it  mimicked  the  effects  of  nerve  stimulation  on  these  muscles.’* 
As  a  consequence,  these  nonadrener^c,  noncholmergic  nerves  were  tentatively  termed 
"purinergic 

Early  experiments  on  the  CNS  led  to  the  observation  that  adenosine  and  AMP 
were  able  to  stimulate  the  accumulation  of  cAMP,“  an  effect  that  was  theophylline 
sensitive.’*'* 

Early  evidence  for  prejunctional  purinergtc  receptors  came  from  expenmcnls  car* 
ried  out  with  the  skeletal  neuromuscular  junction.  In  the  isolated  rat  phrenic  nerve- 
diaphragm  preparation,  adenosine  and  the  adenine  nucleotides  reduced  both  the  spon¬ 
taneous  and  evoked  release  of  acetylcholine  (ACh)  from  motor  nerve  terminals.'*'” 
Punne  compounds  were  also  shown  to  inhibit  noradrenaline  (NA)  release  from  sym¬ 
pathetic  nerves  in  a  wide  variety  of  tissues  including  rabbit  kidney,  canine  adipose 
tissue,  guinea  pig  vas  deferens,"  and  rabbit  central  car  artery,  saphenous  vem,  ponal 
vein,  and  pulmonary  artery.*'  Prejunctional  modulation  of  ACh  release  from  peripheral 
cholinergic  nerves  by  the  adenine  nucleotides  has  been  observed  in  the  isolatid  guinea 
pig  ileum  and  the  myenteric  plexus  longitudinal  muscle  preparation.*****  Purine-me¬ 
diated  prejunctional  modulation  was  also  demonstrated  at  central  synapses.'*  It  was 
not  until  1979,  however,  that  prejunctional  neuromodulation  of  transmitter  release 
was  shown  to  be  mediated  by  receptors  for  adenosine,  but  not  for  ATP.** 

The  first  indication  that  ATP  might  be  released  as  a  colransmittcr  with  NA  was 
the  demonstration  that  release  of  both  [*H)ATP  and  NA  was  blocked  by  guancthidme 
during  stimulation  of  sympathetic  nerves  supplying  the  guinea  pig  taenia  coli.**  This 
concept  was  extended  later  to  other  tissues.**** 

A  basis  for  distinguishing  two  main  types  of  purinoceptors  for  adenosine  and 
ATP/ADP  was  proposed  in  1978.”  The  potent  role  of  ATP  as  a  vasodilator  acting 
via  receptors  on  vascular  endothelial  cells"  is  discussed  by  me  elsewhere  in  this 
volume.*' 


SUBCLASSIFICATION  OF  PURINOCEPTORS 


Pf  and  PfPurinoceptors 


In  1978  1  proposed  a  basis  for  distinguishing  two  types  of  purinergic  receptor, 
which  was  based  largely  on  an  analysis  of  the  voluminous  literature  about  the  aoions 
of  puripe  nucleotides  and  nucleosides  on  a  wide  vanety  of  tissues.”  Since  that  time, 
many  experiments  have  been  earned  out  that  support  and  extend  this  proposal.*''** 
The  onginal  classification  into  P|-  and  Pj-purinoceptors  was  based  on  four  entena: 
1)  the  relative  potencies  of  ATP,  ADP,  AMP,  and  adenosine,  2)  the  selective  actions 
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of  antagonists,  particularly  methylxanthines;  3)  the  activation  of  adenylate  cyclase  by 
adenosine,  but  not  by  ATP;  4)  the  induction  of  prostaglandin  synthesis  by  ATP,  but 
not  by  adenosine.  Thus  the  following  classification  was  proposed:  The  P,>purinoceptors 
are  more  responsive  to  adenosine  and  AMP  than  to  ATP  and  ADP;  methylxanthines 
such  as  theophylline  and  caffeine  are  selective  competitive  antagonists  with  respect  to 
these  receptors;  and  occupation  of  these  receptois  leads  to  inhibition  or  activation  of 
an  adenylate  cyclase  system  with  resultant  changes  in  levels  of  intracellular  cAMP. 
The  P2*purinoceptors  are  more  responsive  to  ATP  and  ADP  than  to  AMP  and 
adenosine;  these  receptors  are  not  antagonized  by  methylxanthines  and  do  not  act  via 
an  adenylate  cyclase  system;  and  their  occupation  may  lead  to  prostaglandin  synthesis. 

Evaluation  and  expansion  of  punnoceptor  classification  has  taken  several  direc¬ 
tions,  including  studies  of  the  stereoselectivity  of  P|-  and  Pj-purinoceptors,  the  struc¬ 
tural  requirements  for  the  actions  of  purines,  and  the  chemistry  of  P,-  and  Pj- 
purinoceptors;  analysis  of  the  influence  of  cctoenzymatic  breakdown  of  nucleotides 
and  the  uptake  of  adenosine  on  measurements  of  relative  agonist  potencies;  and 
development  of  more  potent  and  selective  P,-  and  Pj-purinoceptof  antagonists.^**^* 

Extracellular  breakdown  of  ATP  is  rapid  and  involves  a  number  cf  different 
enzymes  ”  This  finding  means  that  some  of  the  actions  of  ATP  and  ADP  might  be 
mediated  via  P,-purinoceptors  following  breakdown  to  AMP  and  adenosine.*^ 


A, ,  A,,  and  AtSubclasses  of  the  P, •Punnoceptor 


The  P, -punnoceptor  was  subdivided  into  Ai/Riand  A, /R,  subtypes  according  to 
the  relative  potencies  of  a  senes  of  adenine  analogues  (and  according  to  whether 
adenylate  cyclase  activity  is  increased  or  decreased  in  the  presence  of  adenosine).*’** 
In  general.  A,  receptors  arc  preferentially  activated  by  A^-substituted  adenosine  an¬ 
alogues,  whereas  Ajreceptors  are  prefe*  ;t:ally  activated  by  5'-substituted  compounds. 
For  A|  receptors,  adenine  analogues  n  v  be  listed  in  order  of  potency  as  follows*  l- 
iV^-phenylisopropyladenosine  (l-PIA )  and  7V*-cycIohexyladenosine  (CHA)  >  2-chlo- 
roadenosine  (CADO)  >  5'-iV-ethyi-carboxamidoadenosine  (NECA)  and  d-PIA 
(adenylate  cyclase  activity  is  decreased).  For  Aj  receptors:  NECA  >  CADO  >  L- 
PIA  and  CHA  (adenylate  cyclase  activity  is  increased) 

There  have  been  some  problems  with  this  subclassiffcation,  largely  on  the  basis  of 
inconsistent  potency  scries  m  different  tissues,  particularly  between  central  and  pe¬ 
ripheral  tissues.  The  recent  efforts  to  develop  selective  antagonists  for  A,  and  Aj 
subclasses,  however,  are  giving  more  credibility  to  this  classification.**^** 

An  Ajsubclass  of  the  Pi-purinoceptor  has  been  claimed  for  an  adenosine  receptor, 
present  in  the  heart  and  nerve  endings,  that  is  not  coupled  to  adenylate  cyclase.** 
Another  type  of  adenosine  recognition  site  modulating  the  activity  of  adenylate 
cyclase,  the  intracellular  P  site,  has  also  been  desenbed  ****  This  P  site  is  not  susceptible 
to  blockade  by  xanthines. 


Other  Subclasses  of  the  PfPunnoceptor 


Tlie  Pjx-  and  Pjy-punnoceptor  subclasses  have  been  postulated  on  the  basis  of 
relative  potencies  of  ATP  analogues  (and  on  the  basis  of  selective  antagonism)*^  For 
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p2x*purinoceptors,  ATP  analogues  may  be  listed  in  order  of  potency  as  follows: 
methylene  ATP  (a,^*raeATP)  and  ^,y*meATP  >  ATP  and  2-mcthylthio-ATP  (2- 
Me«S*ATP)  (arylazido  aminoproprionyl  ATP  (ANAPP,)  is  a  selective  antagonist, 
and  prolonged  exposure  to  a,/3*meATP  selectively  desensitizes  this  receptor).”  For 
PiY-purinoceptors,  2-Mc-S-ATP  >  >  ATP  >  a,j8»meATP  and  /?,y-meATP  (reactive 
blue  2,  an  anthraquinone  sulfonic  acid  derivative,  has  been  claimed  to  be  a  selective 
antagonist,  at  least  over  a  hmited  concratration  range).’'*”  Studies  of  the  pharma¬ 
cological  actions  of  isopolar  pbosphonate  analogues  of  ATP  on  guinea  pig  taenia  coll 
and  bladder  have  supported  the  Pix/Pzv  subdivision  of  Pj-purinoceptors  in  smooth 
muscle  and  have  also  shown  that  L-adenosine  S'*^i3,v-methylene)triphosphonate  and 
its  analogues  arc  selective  agonists  of  the  Pjx*purinoccptor,”  and  adenosine  5'*(2- 
fluorodiphosphate)  has  been  shown  to  be  a  specific  agonist  for  the  Pjy-purinoceptor, 
mediating  relaxation  of  smooth  muscle.”  It  has  been  claimed  recently  that  the  try- 
panoside,  suramin,  is  a  competitive  antagonist  of  the  Pj-punnoceptor,””  although  it 
does  not  appear  to  distinguish  between  Pjx-  and  PjY*purinoceptors.” 

Because  the  receptors  for  ATP  on  platdets  and  mast  cells  (and  lymphocytes)  do 
not  seem  to  fit  this  subclassification,  they  have  been  tentatively  tenned  P2T-  and  Pjz* 
purinoceptors,  respectively.” 

Table  1  summarizes  the  purinoceptor  classification  currently  in  use. 


DISTRIBUTION  OF  PURINOCEPTORS 


Punnoceptors  of  various  kinds  have  been  identified  on  a  wide  vanety  of  cell  types. 
In  general,  adenosine  is  inhibitory  in  its  actions,  whereas  ATP  is  either  excitatory  or 
inhibitory. 


Nerves  and  Astrocytes 


Adenosine,  acting  via  prejunctional  Prpunnoceptors  (usually  of  the  A|  subtype), 
IS  a  potent  modulator  of  transmitter  release  from  terminal  varicosities  of  penpheral 
adrenergic  and  cholinergic  nerves.”  ”  The  P, -punnoceptors  arc  particularly  prominent 
m  the  brain,  where  their  mam  role  appears  to  be  neuromodulatory.”*'  The  P^-puri- 
noceptors  have  been  described  on  cell  bodies  of  sensory  neurons  in  nodose  ganglion, 
spinal  cord,  and  brain,*'*^’  and  also  on  intrinsic  ganglionic  neurons  in  heart  and 
bladder.” There  is  recent  evidence  for  P,-  as  well  as  P, -punnoceptors  on  astrocytes.”” 


Muscie 


ATP  has  been  proposed  as  a  transmitter  or  cotransmitter  in  autonomic  nerves 
supplying  visceral  and  vascular  organs.^**”*”  Postjunctional  receptors  for  ATP  are 
implicit  in  the  purinergic  transmission  mechanism;  thus  it  is  not  surpnsing  that  p2- 
punnoceptors  are  present  in  many  smooth  muscles.  In  some  muscles,  for  example, 
those  in  the  intestine  and  rabbit  portal  vein,  ATP  acting  via  P2Y-punnoceptors  is  a 
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potent  relaxant,  whereas  in  other  muscles,  for  example,  those  in  the  urinary  bladder 
and  vas  deferens  (and  most  vascular  smooth  muscles),  ATP  acting  via  Pix^purinO' 
ceptors  has  a  potent  contractile  action/*  The  P,‘purinoceptors  (usually  of  the 
subtype)  are  widespread  in  both  vascular  and  visceral  smooth  muscle. 

Both  P,-  and  Pj-purinoceptors  have  been  identified  in  the  vertebrate  heart.’*'^*  It 
is  proposed  that  the  P|-purinoceptof  present  in  heart  is  of  the  A,  subtype.*^  When 
studying  bullfrog  atrial  muscle  cells,  Friel  and  Bean^*  observed  a  biphasic  electrical 
response  to  ATP.  Such  an  observation  is  consistent  with  the  evidence  for  release  of 
ATP  as  a  cotransmitter  with  adrenaline  from  sympathetic  nerves  supplying  the  frog 
heart.’*  From  a  study  of  the  effects  of  ATP  on  the  papillary  and  right  ventricular 
muscles  of  the  rat,  it  was  suggested  that  P2*purinoceptor  activation  induces  both  a 
positive  inotropy  and  an  increase  in  inositoMipid  metabolism.”  The  Pj'purinoceptors 
have  been  identified  in  the  developing  myotu^’**’* 


Endothelial  and  Epithelial  Cells,  Hepatocytes,  and  Pancreatic  Secretory  Cells 


Potent  actions  of  ATP  on  vascular  endothelial  cells  leading  to  release  of  endo* 
thelium«denved  relaxing  factor  (EDRF)  and  vasodilatation  were  first  described  in 
1981  by  Dc  Mey  and  Vanhoutte,  and  have  since  been  described  in  many  vessels.’*^' 
The  endothelial  ATP  receptors  have  been  shown  to  be  of  the  Pjy  subclass.**’” 

The  Pj'purinoceptors  have  been  shown  to  regulate  ion  transport  in  epithelial  cells 
from  a  variety  of  dififerent  sources,  including  Intestinal  epithelial  ceils  and  kidney 
epithelium,  where  ATP  stimulates  CP  transport  and  alters  Ca**  distribution  ATP 
also  regulates  gastric  acid  secretion,  and  evidence  has  been  presented  for  involvement 
of  PjY'purinoceptors  in  ATP  regulation  of  surfactant  secretion  from  type  11  alveolar 
epithelial  cells.**  *’ 

It  has  been  known  for  some  time  that  ATP  has  glycogenolytic  and  hyperpolarizing 
actions  on  hepatocytes  that  arc  mediated  by  Pj^punnoceptors,**  and  it  has  been 
suggested  that  the  receptor  is  of  the  PjY'Punnoceptor  subclass.*’  Adenosine,  acting 
via  an  A:  receptor,  has  also  been  claimed  to  stimulate  hepatic  glycogenolysis,  but 
possibly  by  an  indirect  mechanism.** 

Pancreatic  B  cells  respond  to  ATP  via  PiY-punnoceplors  to  increase  insulin  se¬ 
cretion,  whereas  adenosine  acts  via  the  A^subtype  of  a  P,-ponnoceptor  m  pancreatic 
A  cells  to  increase  glucagon  secretion.** 


Mast  Cells  and  Cells  of  the  Immune  System 


ATP  induces  Ca**-dependcnt  histamine  secretion  from  mast  cells.”  The  agonist 
form  is  the  tetrabasic  acid  ATP*",’*'**  and  this  receptor  has  therefore  been  given  the 
separate  subclassification  of  P^  ** 

The  P,-purinoceptors  of  the  A,  subtype  have  been  desenbed  on  various  cells  of 
the  immune  system,  including  lymphoc^es  and  granulocytes.’*  ATP  modifies  cation 
fluxes  and  could  thereby  deliver  the  Ca**  signal  for  lymphoctye  activation**  Extra¬ 
cellular  ATP  has  also  l^n  shown  to  stimulate  transmembrane  ion  fluxes  m  macro¬ 
phages,  possibly  via  a  Pjz-punnoceptor.” 
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Platelets  and  Erythrocytes 


ADP  cau^  platelets  to  change  shape  rapidly,  which  leads  to  platelet  aggregation, 
whereas  P,>purinoceptors  mediate  inhibition  of  ADP-induced  platelet  aggregation.^ 
Because  the  platelet  receptor  is  unique  in  bdng  activated  by  ADP  rather  than  ATP, 
it  has  been  tentatively  classified  as  a  Pjfpurinoceptor.**  The  Pjv-purinoceptors  have 
been  demonstrated  m  turkey  erythrocytes,*^'” 


Fibroblasts  and  Other  Cell  Types 


ATP  receptors  mediating  membrane  potential  changes  m  fibroblasts  have  been 
described, and  the  possibility  has  been  raised  that  ATP  released  as  a  cotransmitter 
with  noradrenaline  from  sympathetic  nerves  exerts  some  control  of  fibroblast  func¬ 
tion.'^'  Punnoceptors  have  also  been  identified  on  spermatozoa,  chemoreceptor  cells 
in  the  carotid  tx^y,  and  neuroblastoma,  adipose,  thyroid,  salivary  acinar,  and  tumor 
cells 


PURINERGIC  TRANSMITTERS 


ATP  as  a  Principal  Neurotransmiiter 


Motor  Nerves 


Several  pieces  of  evidence  have  been  put  forward  since  1972  to  strengthen  and 
extend  the  knowledge  of  punnergic  innervation  of  the  smooth  muscle  of  the  intestine 
and  bladder.”  For  example,  release  of  ATP  from  nonadrenergic,  noncholmergic  nerves 
rather  than  from  muscle  has  been  clearly  shown  using  the  firefly  ATP  assay  method.'®^ 
Whereas  there  is  a  2-  to  6*fold  increase  in  ATP  release  from  the  guinea  pig  taenia 
coii  or  bladder  during  isometric  responses  to  punnergic  nerve  stimulation,  there  is  no 
significant  release  of  ATP  dunng  comparable  responses  elicited  by  direct  muscle 
stimulation.  Further,  the  nerve-mediated  release  of  ATP  is  Ca**  dependent,  a  10-fold 
reduction  m  Ca^*  concentration  resulted  in  an  80  to  90%  reduction  in  both  the 
mechanical  response  and  the  ATP  release  Several  studies  have  shown  release  of  ATP 
from  synaptosome  or  vesicle  preparations  of  brain  and  gut.'"*'®*  Quinaenne,  which 
binds  to  ATP,  has  been  demonstrated  with  fluorescence  histochemistry  in  nerve  cell 
bodies  and  varicose  nerve  fibers  m  gut,  bladder,  and  rabbit  portal  vem."^’  '°* 

The  absence  of  a  specific  competitive  antagonist  to  ATP  receptors  has  clearly  been 
an  important  gap  in  the  supporting  evidence  for  the  punnergic  hypothesis.  Although 
apamm  is  not  a  specific  competitive  antagonist,  low  concentrations  that  act  as  a  potent 
channel  blocker  also  act  so  as  to  provide  a  parallel  blocking  of  the  responses  of 
the  taenia  coli  to  nonadrenergic  inhibitory  nerves  and  to  ATP.  More  recently,  the 
photolyzable  compound  arylazido  aminoproprionyl  ATP  ( ANAPP))  has  been  claimed 
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to  be  a  specific  competitive  blocker  to  ATP.  It  produces  a  competitive  block  of  ATP 
and  of  noncholinergic  excitatory  responses  of  the  bladder’”  and  the  vas  deferens,'” 
although  it  appears  to  be  less  effective  in  antagonizing  the  inhibitory  responses  of 
smooth  muscle  to  ATP.  Low  concentrations  of  the  stable  analogue  of  ATP,  a,0^ 
methylene  ATP,  have  been  shown  to  desensitize  the  ATP  receptor  and  to  abolish 
noncholinergic  excitatory  nerve-mediated  responses  of  the  bladder.** 

Evidence  for  purinergic  innervation  of  the  rabbit  portal  vein'”  and  rat  pulmonary 
mesentenc  vessels'"*  has  also  been  presented 


Sensory  Nerves 


Recent  experiments  have  done  much  to  support  the  original  proposal  of  Holton 
that  ATP  is  released  from  primary  afferent  sensory  fibers  Sensory  neurons  in  the 
dorsal  root  ganglion  that  release  ATP  and  stain  with  a  nucleotide  hydrolyzing  acid 
phosphatase  have  been  demonstrated,  and  a  distinct  population  of  neurons  in  lamina 
II  of  the  dorsal  horn  grown  in  tissue  culture  has  been  shown  to  be  highly  sensitive 
to  ATP.®*  In  an  in  vivo  study  in  the  cat,  Fyffc  and  Perl**  provided  evidence  for  a 
selective  excitatory  action  of  ATP  on  spinal  neurons  in  the  inner  substantia  gelatinosa 
or  in  the  nucleus  propnus  of  the  dorsal  horn  receiving  central  terminals  from  a  class 
of  cutaneous  mechanoreceptors  with  very  fine  afferent  fibers.  Finally,  exogenously 
applied  ATP  produced  a  rapid  and  transient  inwardly  rectifying  sodium  current  in 
single  sensory  neurons,  enzymatically  isolated  from  nodose,  vestibular,  tngemonal, 
and  spinal  ganglia  of  rats 


ATP  as  o  Cotransmifter 


The  possibility  that  some  nerve  fibers  store  and  release  more  than  one  transmitter 
was  rais^  m  the  mid-1970s,”  and  there  is  now  considerable  evidence  in  favor  of  the 
coexistence  of  established  transmitters  with  various  peptides  and  with  punne  nucleo¬ 
tides  in  nerve  terminals  in  both  central  and  autonomic  systems.  Detailed  reviews  of 
the  evidence  for  coexistence  and  release  of  ATP  with  noradrenaline  and  acetylcholine 
are  available  *’ 


Noradrenaline  and  ATP 


It  has  been  known  for  a  number  of  years  that  ATP  is  stored  and  released  together 
with  catecholamine  from  adrenal  chromaffin  cells.  Coexistence  and  release  of  nora¬ 
drenaline  (NA)  and  ATP  have  also  been  claimed  for  sympathetic  nerves  supplying 
the  aorta,  mesentenc,  ear,  basilar,  and  pulmonary  arteries.*'  ATP  as  well  as  NA 
release  from  guinea  pig  portal  vein  have  been  shown  to  be  abolished  following  sym¬ 
pathectomy,  fluorescence  in  nerves  of  the  rat  portal  vein  following  incubation  in 
quinacrine,  which  binds  to  ATP,  is  also  abolished  by  sympathectomy."*  In  the  rat 
tail  artery  the  slow  (but  not  the  fast)  depolarizations  in  response  to  sympathetic  nerve 


BURNSrrOCK:  PURINERGIC  MECHANISMS 


9 


Stimulation  are  blocked  by  phentolamin^  on  the  other  hand,  the  fast  depolarizations 
have  recently  been  shown  to  be  abolished  by  Pj-purinoceptor  desensitization  with  a.jS' 
methylene  ATP."* 

Evidence  has  been  presented  that  ATP  is  stor^  and  released  as  a  cotransmitter 
together  with  NA  from  sympathetic  nerves  supplying  the  guinea  pig  vas  deferens."*-"* 
Westfall  and  his  colleagues’^"*  showed  that  the  initial  phasic  component  of  the 
excitatory  response  to  sympathetic  nerve  stimulation  is  selectively  antagonized  by 
ANAPPj,  whereas  the  secondary,  more  tonic  component  of  the  response  is  antagonized 
by  prazosin  or  reserpine.  The  Ca**  channel  blocker,  nifedipine,  has  also  been  shown 
to  block  the  initial  (but  not  the  secondary)  responses  of  this  preparation  to  nerve 
stimulation  and  contractions  in  response  to  ATP,  but  not  to  those  m  response  to  NA. 
Meldrum  and  Bumstock"^  provided  further  support  for  cotransmission  by  blocking 
the  initial  phase  of  the  response  of  the  vas  deferens  to  sympathetic  nerve  stimulation 
following  Pj*purinoceptor  desensitization  with  a,y5*methylcnc  ATP.  The  phentolam* 
ine-resistant  excitatory  junction  potential  recorded  in  the  vas  deferens  is  also  abolished 
by  a,/3*methylene  ATP.’"  ATP  and  adenosine  have  been  shown  to  inhibit  NA  release 
from  adrenergic  nerves  supplying  the  vas  deferens.  The  prejunctional  receptor  that 
mediates  these  actions  is  ^Iieved  to  be  the  P,*purinoccptor  because  the  inhibitory 
actions  of  ATP  as  well  as  adenosine  are  blocked  by  methylxanthines  and  because  the 
slowly  degradable  methylene  analogues  of  ATP  arc  ineffective.  Hoick  and  Marks"* 
showed  that  punne  nucleotides  or  nucleosides  also  act  as  postjunctional  neuromod* 
ulators  in  the  vas  deferens  enhancing  the  contractile  actions  of  NA,  whereas  NA  can 
potentiate  the  responses  of  the  vas  deferens  and  seminal  vesicle  to  ATP. 

Thus  NA  and  ATP  are  coexisting  substances  that  act  as  synergistic  neurotrans* 
mitters  via  postjunctional  receptors,  as  well  as  substances  that  exert  modulatory  effects 
on  each  other  via  both  pre<  and  postjunctional  mechanisms.  Although  it  has  been 
assumed  that  ATP  and  NA  are  stored  m  the  same  vesicles,”*  recent  evidence  suggests 
that  this  may  not  be  the  case.  Differential  release  of  NA  and  ATP  occurs  during  the 
prejunctional  actions  of  a  number  of  different  agents,  including  prostaglandin 
angiotensin  III,’*®  '"  and  calcitonin  gene-related  peptide  Three  possible  explanations 
for  these  findings  are  illustrated  in  Figure  I.'" 

It  is  well  known  that  neuropeptide  Y  coexists  with  ATP  and  NA  in  most  sym¬ 
pathetic  nerves  and  that  it  can  act  both  as  a  prejunctional  inhibitor  of  transmitter 
release  and  as  a  postjunctional  potentiator  of  the  actions  of  NA."*  In  recent  studies 
with  Jim  Ellis  in  my  laboratory,  we  have  shown  that  neuropeptide  Y  has  similar 
actions  on  ATP  release  and  activity.  It  is  interesting  that  at  wide  neuromuscular 
junctions  (up  to  2  jxm),  such  as  those  in  large  elastic  artenes,  the  dominant  action 
of  neuropeptide  Y  is  to  potentiate  the  postjunctional  actions  of  ATP  and  NA  (perhaps 
because  they  break  down  rapidly),  whereas  at  close  autonomic  neuromuscular  junc¬ 
tions  (20-50  nm),  such  as  those  m  vas  deferens,  the  dominant  action  of  neuropeptide 
Y  is  as  a  prejunctional  modulator  of  transmitter  release  In  most  blood  vessels, 
neuropeptide  Y  has  an  initial  transmitter  potentiating  action  at  low  concentrations, 
but  as  the  levels  of  neuropeptide  Y  build  up  in  the  cleft,  it  has  prejunctional  inhibitory 
actions  (Fig  2), 


Acetylcholine  and  ATP 


There  are  reports  of  coexistence  and  release  of  ATP  with  acetylcholine  ( ACh)  at 
both  somatic  and  autonomic  motor  nerve  endings'’’”  Some  evidence  suggests  that 


Oitfertnt  storage  6  Oitterent  sympathetic  nerve  poputaiions  C  Oitlerent  cotransmiiter  storage  proportions  m 

vesicles  for  different  vesicles  of  same  terminal  nerve  fiber 
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1000-2000  nm  cied 


BURNSTOCK:  PURINERGIC  MECHANISMS 


nCURE  2.  A  diagram  illustrating  that  prc-  and/or  postjunctional  modulation  of  sympathetic  cotransmission  by  neuropeptide  Y  (NPY)  depends  on 
(he  j^ctior^  cleft  width.  (A)  A  close  (~20  mm)  antenor  neuromuscular  cleft  as  seen,  for  example,  in  the  vas  deferens,  where  prejunctional  modulation 
by  NPY  IS  dominant.  (B)  A  medium  size  (-*  100-500  nm)  junctional  cleft  characteristic  of  many  blood  vessels,  where  postjunctional  modulation  occurs 
with  low  concentrations  of  NPY  and  later  with  prejunctional  modulation  as  the  concentration  of  NPY  m  the  cleft  increases  during  transmission  (C) 
A  wide  (~  1000-2000  rm)  clrft  typical  of  large  elastic  arteries,  where  postjunctional  modulation  by  NPY  is  dominant. 
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ATP  acts  (via  adeao^e)  as  a  necromodulator  of  both  the  release  aod  acdca  of  ACh; 
lumever,  there  is  little  information  available  to  date  to  support  a  cotrassmitter  role 
for  ATP  at  these  junctions,  apart  from  patch-clamp  studies  shoeing  that  micromolar 
concentrations  of  ATP  activate  certain  channels  in  the  membrane  of  cultured  myoblasts 
and  myotubes,  as  well  as  ACh-’*’” 

CbolinergK  vesicles  isolated  from  the  dectric  organ  of  various  dasmol^acch  fish 
contain  ATP  in  addition  to  the  principal  transmitter,  ACIl  The  AOirAT?  molar 
ratio  in  the  three  spedes  studied  is  4-10:1.  The  major  nucleotide  in  these  vesicles  is 
ATP  (83%  of  the  total),  with  ADP  (15%)  and  traces  of  AMP  also  being  present 
Studies  on  the  turnover  of  adenine  nucleotides  in  chclineigic  Qiiaptic  vesicles  have 
shown  that  ATP  and  ACh  are  depleted  to  the  same  extent  (about  50%)  during  nerve 
stimulation,  that  adenosine  is  an  effective  precursor  of  vesicular  adenine  nucleotides, 
and  that  the  new  population  of  vesicles  that  appears  following  nene  stimulation  has 
a  high  turnover  rate  for  both  ATP  and  AOl  Furthermore,  in  studies  of  a  saturable 
uptake  system  for  adenosine  into  nerve  terminals  isolated  from  the  Torpedo  electric 
organ,  a  value  of  1  pM  has  been  reported,  which  is  comparable  to  that  of  the 
high-affinity  choline  upt^e  system.*”  Evidence  for  axonal  flow  of  ATP,  as  for  ACh, 
in  organelles  other  tb^  mitochondria  has  been  mported.  ATP  has  also  been  shown 
to  be  released  from  the  endings  of  phienic  nerves  in  the  rat  diaphragm  during  stim¬ 
ulation.  The  amounts  of  ATP  releas^  compare  well  with  the  amounts  of  ATP  released 
on  stimulation  of  some  regio.ns  of  the  cortex  or  cortical  synaptosomes.  Release  of 
(*H]adeniiie  derivatives  has  been  shown  to  occur  in  the  cholinergic  septal  system, 
where  they  were  considered  as  possible  ootransmitters  with  ACh. 

ATP  and  adenosine  have  shown  to  act  on  presynaptic  purinergic  receptors 
leading  to  modulation  of  the  release  of  AOi  from  cholinergic  motor  nerves  in  other 
preparations,  including  brain  and  intestine.”  These  responses  are  blocked  by  meth>l- 
xanlhines,  indicating  that  they  are  mediated  by  P,-purinoceptors.  An  exception,  where 
inhibition  of  ACh  release  from  preganglionic  frog  neurons  was  shown  to  be  mediated 
by  ATP  rather  than  adenosine,  was  reported  recently  by  SiJinsky  and  Gxnsborg.”’ 


CURRENT  AND  FUTURE  DEVELOPMENTS 

Transduction  Afechanistns 


cAMP  and  PfPurinaceptors 


Cyclic  AMP  has  been  claimed  to  be  the  pnmary  second  messenger  associated  with 
Ai  and  Aj  (but  not  A,)  purinoceptor  subclasses/’ 

The  original  classification  of  adenosine  receptors  into  A,/R,and  Aj/R,  subtypes 
was  based  largely  on  the  ability  of  adenosine  and  its  analogues  to  stimulate  or  inhibit 
the  production  of  cAMP.  Few  actions  of  adent^ine,  however,  have  been  shown  un¬ 
equivocally  to  he  mediated  via  changes  in  the  level  of  cAMP.  Although  in  many  cases 
adenosine  receptor  agonists  have  been  shown  to  alter  the  levels  of  cAMP,  the  m- 
volvement  of  such  changes  in  the  production  of  the  final  response  is  unclear.  This 
underlines  the  view  that  a  receptor  is  best  conceived  as  being  constructed  of  two  units 
a  recognition  component  and  a  catalytic  component.  It  is  entirely  possible  that  the 
same  recognition  component  (such  as  A,  or  Aj)  <»u!d  be  linked  to  a  vanety  of  catalytic 
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components  (such  as  stimulatory  or  inhitHtory  regulatory  units  of  adenylate  cyclase 
or  channels)  in  the  same  or  difierent  cell  types.  Henc^  it  is  preferable  not  to 
classy  adenosine  receptors  according  to  thdr  effect  on  adenylate  cyclase,  at  least 
until  the  linkage  betvveen  receptor  occupation  and  cAMP  levels  is  understood  more 
thoroughly. 


Ion  Channels  and  PfPurinoceplors 


The  inhibitory  actions  of  ATP  acting  on  Piv^purinoceptors  that  lead  to  hyper¬ 
polarization  of  smooth  muscle  cells  of  the  intestine  appear  to  be  associated  with  the 
selective  opening  of  K*  channels.**® 

The  excitatory  actions  of  ATP  with  respect  to  P2x‘Purinoceptors  on  vascular  and 
visceral  smooth  muscle  cells  appear  to  be  associated  with  the  opening  of  nonselective 
cation  channels,  resulting  in  depolarization  and  subsequent  opening  of  voltage-depen- 
dent  Ca**  channels.’***”  In  addition,  in  some  arterial  smooth  muscles,  it  has  been 
claimed  that  increased  calcium  influx  t$  also  the  result  of  direct  activation  of  ATP- 
gated  cation  channels  without  any  requirement  for  depolarization  ***  *** 

In  patch-clamp  studies  of  developing  chick  skeletal  muscle,  external  ATP  has  also 
been  shown  to  activate  cation-selective  channels’*  The  effects  of  ATP  in  neuronal 
cells  are  complex,  but  one  direct  effect  is  a  rapid  depolanzation  caused  by  increased 
cation  conductance.** 


Phosphoinositol  Transduction  Mechanisms  and  Pg’Purinoceplors 


Extiacellular  ATP  at  low  (micromolar)  concentration  stimulates  inositol  1,4,5- 
trisphosphate  production  and  intracellular  Oi**  mobilization  in  hepatocylcs,*’*'*  ad¬ 
renal  medullary  cells  and  other  vascular  endothelial  cells,*'*  aortic  and  ventncular 
myocytes,'**  erythrocytes,**  Ehrlich  ascites  tumor  cells,***  and  chick  myotubes.’*  The 
PjY-purinoceptors  coupled  to  phe^phohpase  C  activation  and  intracellular  mo¬ 
bilization  have  also  been  demonstrated  in  pnmary  cultures  of  sheep  anterior  pituitary 
cells***  and  turkey  erythrocyte  membranes’*^***** 


Molecular  Biology  of  Receptors 

The  genera]  direction  that  most  receptor  studies  are  taking  at  present  is  to  clone 
the  receptor  following  strong  ligand  binding  and  then  to  mject  the  appropriate  mRNA 
into  the  Xenopus  oocyte  to  express  the  receptor  Lolan  and  colleagues,  who  have 
demonstrated  a  hyperpolanzing  response  in  the  oocyte  to  adenosine,  have  concluded 
that  the  adenosine-evoked  outward  current  was  earned  by  Responses  to  ATP, 
in  contrast,  appear  to  be  mediated  by  Cr  currents 

Adenosine  S'-0-2-thio[*'S]diphosphate  has  been  proposed  as  a  radioligand  for  the 
PjY'Punnoceptor  m  purified  turkey  erythrocyte  membranes*”*®  My  own  laboratory 
has  recently  identifi^  (*H)a,/3-metliylenc  ATP  as  a  strongly  binding  ligand  for  the 
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Pj'punnoceptor,’*^  and  we  arc  currently  collaborating  with  molecular  biologists  to 
clone  this  receptor.  We  hope  to  use  the  Xenopus  oocyte  to  examine  the  expression  of 
Its  nucleic  acid. 

Cloning  and  expression  of  a  cDNA  coding  for  rat  hver  ecto-ATPase  has  recently 
been  achieved 


SUMMARY 


An  overview  of  the  history  of  studies  of  the  biological  actions  of  extracellular  ATP 
is  presented.  The  basis  of  the  subdivision  of  receptors  for  punnes  into  P,*punnoccptors 
for  adenosine  and  Pj^punnoceptors  for  ATP  and  ADP  are  considered,  as  well  as  the 
recent  proposal  for  subdivision  of  the  ATP  receptors  into  P2x*»  Pxy*.  Piz-»  and  Pjj- 
punnoceptor  subtypes.  These  punnoceptor  subtypes  are  discussed  with  respect  to  their 
transduction  mechanisms,  their  distribution,  and  their  physiological  roles,  including 
their  roles  in  cotransmissiori  and  ncuromodulation. 
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DISCUSSION  OF  THE  PAPER 


S.  C  SiLVERSTEiN  {Columbia  Umvenity,  New  York,  NY)  What  is  the  role  of 
ATP  at  the  neuromuscular  junction?  Is  it  possible  that  ATP  is  secreted  through  the 
plasma  membrane,  and  not  only  via  vesicular  exocytosis?  Formally,  sequestration  m 
vesicles  is  similar  to  transport  through  the  plasma  membrane. 

Burnstock.  ATP  IS  known  to  have  three  mam  roles  at  the  skeletal  neuromuscular 
junction.  In  the  developing  myotube,  ATP  has  been  shown  to  have  direct  actions  on 
the  postjunctional  membrane,  opening  channels  comparable  to  those  opened  by  ace¬ 
tylcholine;  in  the  adult,  ATP  acts  both  as  a  postjunctional  modulator  potentiating  the 
actions  of  acetylcholine  and,  after  ectoenzymatic  breakdown  to  adenosine,  as  a  pre¬ 
junctional  modulator  of  acetylcholine  release  via  P,-punnoceptors. 

It  IS  usually  assumed  that  ATP,  in  common  with  other  neurotransmitlers,  is  stored 
and  released  largely  from  vesicles,  but  nonvesicular  release  has  not  been  excluded. 

B.  B.  Fredholm  {KaroUnska  Institutet.  Stockholm.  Sweden).  P,  receptors  are 
commonly  subdivided  into  A,  and  A,  subtypes,  that  is,  not  into  P,x  and  P,y  subtypes, 
and  no  longer  into  R,  or  R,  subtypes,  as  ongmally  proposed  by  Londos  Would  it  not 
be  possible  lO  subdivide  Pj  receptors  into  subtypes  labeled,  say,  Nl,  N2,  and  so  on? 
Doing  so  would  emphasize  that  the  nucleotides  are  chemically  very  different,  are 
physiologically  very  different,  and  arc  associated  with  very  different  signal  transduction 
mechanisms. 

Burnstock’  Pjx  and  Pjy  subclasses  of  the  Pj-purinoceptors  are  now  widely  used 
in  the  literature  and  have  been  oflicialiy  used  by  the  recent  survey  of  receptor  sub¬ 
classification  earned  out  by  the  Bntish  Pharmacological  Society.  I  think  that  it  would 
be  confusing  to  introduce  a  change  in  terminology  at  this  time,  even  if  there  are  some 
logical  advantages  to  your  suggestion. 
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INTRODUCTION 


Since  the  appearance  of  the  classic  work  of  Drury  and  Szent*G>'orgyi,*  't  has 
become  clear  that  adenosine  and  related  compounds  play  an  important  physiologic 
role  in  the  cardiovascular  system  which  is  independent  of  the  biologic  role  that  these 
compounds  play  in  cellular  metabolism.  Adenosine  and  ATP  are  released  in  the  heart 
under  physiologic  and  pathophysiologic  conditions'^  that  are  charactenzed  by  an 
altered  oxygen  supply  to  oxygen  demand  ratio.  Furthermore,  once  in  the  extracellular 
space,  adenosine  and  ATP  can  bind  to  specific  cell  surface  receptors  that  mediate 
their  effects  on  the  coronary  blood  vessels,  the  specialized  pacemaker  and  conducting 
tissues  of  the  heart,  and  the  contracting  myocardial  cells 

Although  ATP  has  been  shown  to  exert  pronounced  effects  in  the  mammalian 
heart,  the  mechanism  of  its  action  in  general  and  the  specific  receptors  mediating  its 
actions  in  particular  are  not  fully  charactenzed  The  cardiac  eflects  of  adenosine  and 
ATP  in  the  mammalian  heart  have  been  extensively  discussed  in  recent  reviews, ***'’ 
and,  consequently,  emphasis  is  given  in  the  present  text  to  some  provocative  aspects 
of  these  effects  and  the  directions  for  future  research. 

Table  1  summarizes  the  known  cardiac  effects  of  adenosine  and  ATP  The  met¬ 
abolic  effect  of  adenosine,  characterize<l  by  a  shiR  of  myocardial  substrate  utilization 
from  fatty  acids  to  carbohydrates,  has  been  shown  in  a  limited  number  of  studies 
Similarly,  only  a  few  reports  have  dealt  with  the  ability  of  adenosine  to  reduce  cardiac 
vascular  and  myocardial  damage  associated  with  reperfusion.  Further  studies  are 
required  to  determine  the  ability  of  endogenous  adenosine  to  exert  these  effects,  the 
physiologic  importance  of  these  effects,  and  their  implications  for  developing  novel 
pharmacologic,  therapeutic,  and  diagnostic  agents. 


®The  onginal  work  was  supported  by  grants*in*aid  fiom  the  Amencan  Heart  Association, 
Southeastern  Pennsylvania  Clwptcr,  and  by  a  grant  from  the  National  Institutes  of  Health  (HL 
43006-01A1) 
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VASOACTIVITY 


Both  adenosine  and  ATP  exert  pronounced  cffixts  on  the  coronary  artenes  and 
thereby  affect  coronary  blood  Hem,  Hiere  has  been  a  suggestion  that  adenosine,  a 
potent  vasodilator  of  coronary  artenes,*  *'  may  also  be  a  major  physiologic  regulator 
of  coronary  blood  flow.  This  suggestion,  known  as  the  Adenosine  Hypothesis,'^  has 
been  given  substantial  support  by  numerous  studies;  however,  other  data  have  raised 
several  important  questions  that  are  still  unanswered.**'* 

In  contrast,  ATP  can  either  vasodilate  or  vasocenstnet  arterial  blood  vessels, 
depending  on  the  expenmental  conditions.’*"'*  Evidence  has  been  found  in  a  feline 
m^el  for  the  involvement  of  adenosine  in  a  vasodilatory  action  of  ATP  m  vivo 


TABLE  I.  Cardiac  Effects  of  Adenosine  and  ATP 


Adenosine  ATP  Reference 


Coronary  vasodilation 

+ 

I.  11-19 

Coronary  \asoconstncuon 

— 

16,  18 

Negative  chronotropic  effect 

+ 

5.  10 

(cardiac  pacemakers) 

Negative  dromotropic  effect 

+ 

•f 

5,  10 

(ainovcnincular  nodal  conduction) 

Direct  electrophysiologic  effects 

Atnal  myoc>tes 

+ 

10 

Vcnincular  myocytes 

— 

20 

Negative  inotropic  effect 

+ 

+ 

10,21 

Triggered  synthesis  and  release  of  prostagbndms 

+ 

+ 

22,  23 

Antiadrcnergic  effect 

+ 

? 

6,  24 

Metabolic  effect 

+ 

? 

25-28 

Reduced  reperfusion  damage 

+ 

? 

29,  30 

The  mechanism  of  the  vasodilating  action  of  adenosine  is  not  fully  known.  Studies 
with  canine  and  human  coronary  artenes  have  indicated  that  the  A^  (or  RJ  adenosine 
receptor  subtype  is  mechanistically  involved  in  this  action  of  the  nucleoside  Studies 
in  isolated  guinea  pig  heart,  however,  have  shown  that  the  endothehum-mediated 
coronary  vasodilation  by  adenosine  is  independent  of  endothelial  adenylate  cyclase 
activation,  as  expected  from  involvement  of  the  A,  receptor  subtype  ** 

With  regard  to  the  vascular  action  of  ATP,  the  involvement  of  two  Pj  receptor 
subtypes,  P^x  and  Pjy,  has  been  suggested  These  subtypes  are  believed  to  mediate  the 
vasoconstncting  and  vasodilating  actions  of  ATP,  respectively.'* '*  It  has  been  hy* 
pothesized  that  the  vasodilating  action  is  the  result  of  ATP’s  effect  on  endothelial 
cells  while  the  vasoconstncting  action  is  the  result  of  direct  effect  of  ATP  on  vascular 
smooth  muscle  cells.**  In  addition,  a  role  of  adenosine  and  ATP  has  been  sugg^ted 
m  acetyIchoIine<induced  coronary  vasodilation  ” 


PELLEG  €t  ali  CARDIAC  EFFECTS  OF  ADENOSINE  AND  ATP 


21 


ELECTROPHYSIOLOGIC  EFFECTS 


Negative  Chronotropic  and  Dromotropic  Effects 


Both  adenosine  and  ATP  exert  pronounced  electrophyslologic  effects  in  the  mam* 
malian  heart.  These  include  a  negative  chronotropic  efiWt  on  cardiac  pacemakers  and 
a  negative  dromotropic  effect  on  atrioventncular  nodal  conduction,  in  particular/ 
Studies  in  vitro  as  well  as  in  vivo  have  indicated  that  adenosine  depresses  sinus  nodc,^** 
junctional, and  ventricular  pacemakers.*^**  Similarly,  ATP  depresses  pacemaker 
activity  and  slows  the  rate  of  ventncular  escape  rhythm.** 

It  is  well  established  that  the  action  of  adenosine  on  supraventricular  pacemakers 
is  mediated  by  A,  cell  surface  receptors  **  **  Binding  of  adenosine  to  these  receptors 
results  in  activation  of  potassium  ion  channels,  causing  increased  K*'-outward  current 
(iK*)  and  hyperpolanzation  of  cell  membranes.**'**  In  this  regard,  the  action  of  aden¬ 
osine  IS  similar  to  that  of  acetylcholine.  Indeed,  it  has  been  shown  that  activation  of 
adenosine  receptors  or  muscarinic  cholinergic  receptors  affects  the  same  K*  channel 
population.**^*  This  could  explain  the  interaction  between  adenosine  and  acetylcholine 
observed  in  vitro^'*  and  the  interaction  between  adenosine  and  vagal  input  to  the  heart 
observed  in  v/w**  with  regard  to  their  depressant  effects  on  sinus  node  pacemaker 
activity. 

Less  IS  known  about  the  mechanism  of  the  negative  chronotropic  action  of  ATP. 
It  has  been  shown  that  the  nucleotide  is  rapidly  degraded  to  ADP,  AMP,  and  aden¬ 
osine,*®  which  can  mediate  the  electrophysioIogic  action  of  ATP.  Indeed,  evidence  for 
this  mechanism  has  been  found  both  in  vitro*'  and  m  vw.**”  In  addition,  it  has  been 
suggested  that  ATP’s  action  can  be  mediated  by  P,-punnoccptors  before  ATP  breaks 
down  to  adenosine.****  In  the  cat,  dog,  and  human,  however,  ATP  triggers  a  vagal 
reflex  that  plays  a  major  role  in  its  electrophysioIogic  actions.** 

Both  adenosine  and  ATP  inhibit  ventncular  automaticity  *****  The  mechanism  of 
this  action  is  not  fully  known  (see  below),  however,  at  least  with  regard  to  ATP,  it 
seems  that  this  action  is  mediated  by  the  degradation  of  ATP  to  adenosine  and  is 
independent  of  a  tnggered  vagal  reflex.**  Previous  studies  in  vitro  have  indicated  that 
adenosine  can  suppress  pacemaker  activity  of  canine  Purkinje  fibers.**'** 

In  recent  years,  numerous  studies  have  confirmed  the  early  observation  of  Drury 
and  Szcnt-Gyorgyi*  regarding  the  action  of  adenosine  and  related  compounds  on  the 
atnoventncular  node  This  action  is  characterized  by  slowing  of  the  conduction  in 
the  atrioventncular  node  resulting  in  prolongation  of  the  time  interval  between  right 
atrial  and  His  bundle  electrograms,  culminating  in  complete  atnoventncular  block.***® 
It  IS  now  well  established  that  the  negative  dromotropic  action  of  adenosine  is  mediated 
by  a  cell  surface  receptor,  that  is,  the  P,-purinoccptor  (of  the  A,  subtype)  **■*’  Thus, 
it  is  conceivable  that  atnoventncular  nodal  block  curved  in  the  clinical  setting  under 
specific  conditions,  such  as  infcnor  wall  myocardial  infarction,  is  mediated,  at  least 
m  part,  by  endogenous  adenosine  released  from  ischemic  tissues,  and,  consequently, 
may  respond  in  part  to  aminophylline  administration."*** 

The  action  of  ATP  on  the  atnoventncular  node  is  mediated  in  part  by  the  deg¬ 
radation  of  ATP  to  adenosine.*^*'  In  the  dog,  the  action  of  ATP  is  mediated  in  part 
also  by  a  triggered  vagal  reflex**  as  well  as  by  a  direct  action  independent  of  the 
degradation  of  ATP  to  adenosine  **  The  lack  of  a  specific  antagonist  of  ATP  at  Pj- 
purinoceptor  sites  prevents  better  insight  into  the  mechanism  of  action  of  the  nu¬ 
cleotide 
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Differential  Sensitivity  of  Cardiac  Pacemakers  to  Adenosine 


One  interesting  aspect  of  the  negative  chronotropic  action  of  adenosine  is  the 
differential  sensitivity  of  cardiac  pacemakers  to  the  nucleoside.  Observations  were  first 
made  in  vitro,  ^  and  recent  studies  in  vivo  have  confirmed  these  observations  “  More¬ 
over,  It  was  shown  that  ventricular  pacemakers  are  more  sensitive  to  adenosine  than 
the  sinus  node.“  In  addition,  catecholamiiie  challenge  increased  the  effect  of  adenosine 
in  the  sinus  node,  but  attenuated  it  in  the  ventncle,  this  action  was  reversed  by 
propranolol."  Based  on  these  and  previous  findings,  we  have  hypothesized  that  the 
hyperpolanzation-activated  current  (i,)  plays  a  major  role  in  the  differential  sensitivity 
to  adenosine  of  sinus  node  and  ventricular  pacemakers  "  The  hypothesis  outlined  in 
Figure  1  assumes  the  following.  1)  Under  basal  conditions,  if  plays  a  minor  role  in 
sinus  node  pacemaker  activity,  but  it  plays  a  major  role  in  ventncular  pacemaker 
activity.  2)  Isoproterenol  enhances  i,  in  both  sinus  node  and  ventncular  pacemakers 
3)  Adenosine  suppresses  isoproterenol-dependent  i,  in  the  sinus  node  4)  Quinidine 


FIGURE  1,  Schematic  outline  of  the 
working  hypothesis  The  relative  negative 
chronotropic  action  of  adenosine  (ADN) 
IS  represented  by  the  columns.  Each  col¬ 
umn  contains  clear  and  shaded  areas  rep¬ 
resenting  the  adenosme-mduced  potassium 
outward  current  (i/)  and  adenosme-atten- 
uated  hyperpolanzatton  activated  inward 
current  <tf)  It  is  assumed  that  tf  plays  a 
minor  role  m  stnus  node  pacemaker  activity 
and  a  major  role  in  ventncular  pacemaker 
activity  under  baseline  conditions  (Con¬ 
trol),  and  that  adenosine  can  attenuate  Ibis 
current  under  these  conditions  as  well  as 
following  Its  enhancement  by  isoproterenol 
(ISO)  See  text  for  further  details 


suppresses  adenosinc-induced  but  not  i ,  5)  Adenosine  suppresses  if  in  ventncular 
pacemakers  even  without  its  enhancement  by  isoproterenol. 

Assuming  that  ventncular  automaticity  onginates  in  His-Purkinje  fibers,  then 
assumptions  1  through  4  are  supported  by  data  previously  obtained  in  several  models 
in  vitro  and  in  vivo  Specifically,  if  is  found  m  the  sinus  node  and  Purkinje  fibers  and 
Its  activation  in  the  latter  is  a  steep  sigmoidal  curve  with  a  maximum  at  membrane 
potentials  ranging  from  -90  to  -110  mV  and  a  minimum  at  membrane  potentials 
between  -50  and  -60  mV  "  Thus,  it  is  expected  that  if  plays  a  different  role  m  the 
Sinus  node,  where  the  maximal  diastolic  potential  (MDP)  is  between  -60  and  -70  mV, 
from  that  played  in  Purkinje  fibers,  where  MDP  is  near  -90  mV  Indeed,  data  obtained 
in  voltage-clamp  experiments  in  sinus  node  cells  and  Purkinje  fibers  support  this 
interpretation 

The  enhancement  of  if  dunng  catecholamine  challenge  of  sinus  node  cells  and 
Purkinje  fibers  has  also  bwn  well  documented.""”  Studies  of  sinus  node  cells,  for 
example,  have  shown  that  adenosine  attenuated  if  previously  enhanced  by  isoproter¬ 
enol  Moreover,  studies  in  vitro  and  in  vivo  have  shown  that  the  action  of  adenosine 
was  accentuated  dunng  catecholamine  challenge."””  It  seems,  therefore,  that  the 
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latter  is  due  to  the  suppression  of  catecholammc'cnhanced  which  is  added  to  the 
direct  action  mediated  by 

Quinidinc,  a  Class  lA  antiarrhythmic  agent,  attenuated  the  electrophysiologic 
effects  of  adenosine  in  probably  by  suppressing  adenosine-induced  There¬ 

fore,  it  IS  expected  that  in  the  smus  node,  where  the  action  of  adenosine  is  mediated 
mainly  by  quinidine  should  attenuate  adenosine’s  action.  In  contrast,  in  His- 
Purkinje  fibers,  where  adenosine’s  action  is  assumed  to  be  mediated  by  itc  action  on 
if,  quinidine  should  have  little  or  no  effect  on  the  negative  chronotropic  effect  of 
adenosine.  Indeed,  data  obtained  in  recent  studies  in  vivo  agree  with  these  predictions 

Studies  of  adenosine’s  effects  on  Purkinje  fibers  in  \itn)  give  support  to  assumption 
S  For  example,  Bertolino  and  Di  Francesco  sported  that  adenosine  ( 100  jaM)  shifted 
the  If  current  activation  curve  to  the  left.’*  Furthermore,  Rosen  et  al  ”  have  reported 
that  adenosine  did  not  affect  the  spontaneous  pacemaker  activity  of  depolarized  canine 
Purkinje  fibers.  Because  the  MDP  of  these  fibers  resembled  that  of  intact  sinus  node 
cells,  and  because  the  adenosine  effect  in  sinus  node  cells  is  mediated  mainly  by  i^^ 
(s^  above),  the  lack  of  effect  of  adenosine  under  these  conditions  argues  against  a 
major  role  of  adenosine-induced  i^*  in  Purkinje  fibers.  In  addition,  the  inverse  rela¬ 
tionship  between  if  and  cell  membrane  potential  makes  it  tempting  to  speculate  that 
the  association  of  depolanzed  cells  with  a  lack  of  effect  of  adenosine  is  related  to 
inactivation  of  if  This  interpretation  is  supported  by  the  effects  of  cesium  chlonde 
on  ventricular  escape  rhythm  and  overdnve  suppression  m  the  isolated  guinea  pig 
heart  with  complete  atnovcntncular  conduction  block.’^  In  this  preparation,  cesium, 
an  effective  blocker  of  tf,’*^  significantly  prolonged  ventncular  cycle  length  and  the 
pause  following  cessation  of  overdnve.”  Furthermore,  it  has  been  recently  shown  that 
acetylcholine  inhibits  i,  in  smus  node  cells  Thus,  a  direct  action  of  adenosine  on 
If  could  be  another  manifestation  of  the  well-documented  similanty  between  the 
electrophysiologic  actions  of  adenosine  and  acetylcholine  On  the  basis  of  these  con¬ 
siderations,  It  1$  tempting  to  speculate  that  the  differential  sensitivity  of  sinus  node 
and  ventricular  pacemakers  to  adenosine  is  mainly  due  to  the  different  pacemaker 
currents  at  these  two  sites  and  their  different  responses  to  adenosine 


INTERACTION  WITH  OTHER  DRUGS 

The  interaction  of  adenosine  with  other  drugs  has  been  recently  reviewed,’  and 
there  is  no  need  to  discuss  it  here  We  would,  however,  like  to  emphasize  one  aspect 
of  this  interaction.  Drugs  that  inhibit  the  transport  of  adenosine  across  cell  membrane 
(for  example,  dipyndamole)  and  drugs  that  prevent  the  metabolism  of  adenosine  (for 
example,  adenosine  deaminase  inhibitors)  tend  to  potentiate  adenosine’s  actions  be¬ 
cause  they  increase  the  level  of  adenosine  in  the  extracellular  space 

In  contrast,  the  presence  of  drugs  that  competitively  inhibit  adenosine’s  action  at 
adenosine’s  receptor  sites  (for  example,  methylxanthines)  will  tend  to  attenuate  aden¬ 
osine’s  effects.  Further  studies  are  required  to  determine  the  clinical  implications  of 
these  interactions. 


ANTIADRENERGIC  EFFECTS 


The  ability  of  adenosine  to  antagonize  the  positive  inotropic  effect  of  catecholamines 
was  first  demonstrated  in  the  isolated  perfused  guinea  pig  heart  by  Schrader  et  aV* 
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FIGURE  2.  A  typical  example  of  the  effect  of 
adenosine  on  the  strength-interval  curve  in  the 
myocardium  of  an  anesthetized  open-chest  dog 
with  chronic  myocardial  infarction.  The 
strength-interval  curves  were  constructed  from 
measurements  made  at  an  intramyocardial  site 
within  the  area  perfused  by  the  teR  antenor 
descending  coronary  artery  dunng  infusion  of 
either  saline  (Control)  or  adenosine  (ADN,  5 
pimol/min)  into  the  artery  m  the  absence  and 
presence  of  isoproterenol  (ISO,  002  fig/kg/ 
mm,  I.V.).  The  strength-interval  cur>e  was 
shifted  to  the  left  during  isoproterenol  infusion 
This  effect  was  attenuated  by  localized  admin¬ 
istration  of  adenosine. 


Coupiirtg  interval  (msec) 


Since  then,  numerous  studies  in  vitro  have  confirmed  this  observation  and  have  widened 
the  spectrum  of  effects  attnbutable  to  this  action  of  adenosine.^ The  antiadrenergic 
actions  of  adenosine  are  distinctively  different  from  the  direct  actions  that  do  not 
depend  on  pnor  stimulation  by  catecholamine 

The  mechanism  behind  this  phenomenon  is  not  fully  known;  however,  recent  data 
have  suggested  the  involvement  of  preynaptic  action,  characterized  by  reduced  neu- 
retransmitter  release  from  nerve  terminals/***  and/or  postsynapiic  inhibition  of  the 
adenylate  cyclasc*cAMP  system.***®  The  question  of  the  physiologic  role  of  the  an¬ 
tiadrenergic  action  is  still  open.  Two  studies  in  mv  failed  to  observe  a  significant 
antagonism  between  adenosine  and  catecholamine/***  More  recent  work,  however, 
has  indicated  that  adenosine  can  modulate,  at  least  with  regard  to  some  electrophy* 
siologtc  parameters,  the  eff  ects  of  catecholamine  stimulation.  For  example,  adenosine 
reversed  the  tachycardic  effect  of  isoproterenol  on  ventricular  escape  rhythm  in  patients 
with  complete  atnoventncular  block**  In  addition,  as  can  be  seen  in  Figure  2, 
adenosine  caused  a  shift  to  the  right  of  the  ventricular  excitability-rcfractonness 
strength-interval  curve  previously  shiAed  to  the  left  by  intracoronary  isoproterenol 
infusion  in  a  canine  model.  These  studies  are  by  no  means  conclusive  Rather,  they 
indicate  that  further  studies  are  required  before  the  physiologic  importance  of  the 
antiadrenergic  action  of  adenosine  is  fully  known. 

No  data  is  available  on  antiadrenergic  action  of  ATP  in  the  mammalian  heart.  In 
view  of  the  rapid  degradation  of  the  nucleotide  to  adenosine,  however,  a  putative 
action  mediated  by  ATP’s  degradation  by  ectoenzyme  cannot  be  excluded. 


TRIGGERED  SYNTHESIS  AND  RELEASE  OF  PROSTAGLANDINS 


ATP  can  trigger  the  synthesis  and  release  of  prostaglandins  from  the  perfused 
heart  and  other  organs”  as  well  as  from  isolated  blood  vessels.**  A  similar  effect  was 
observed  in  cultured  vascular  endothelial  cells.**  Recent  data  indicate  that  the  receptor 
that  mediates  this  acoon  of  ATP  is  P,y**’'^  Because  prostaglandins  can  exert  pro¬ 
nounced  chronotropic,  inotropic,  and  vasodilatory  effects  in  the  cardiovascular  sys¬ 
tem,*'  it  has  been  speculated  that  some  of  ATP’s  effects  are  mediated  by  prostuglandins. 
Indeed,  preliminary  studies  have  shown  that  ATP-induced  sinus  tachycardia  in  the 
isolated  perfused  rabbit  heart  is  mediated  by  prostaglandin  synthesis  triggered  by 
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ATP’s  action  at  receptor  sites.’^  This  could  explain,  at  least  m  part,  the  potentiation 

of  ATPdnduced  bradycardia  in  the  presence  of  mdornethacin’’ 

Less  IS  known  about  adenosine  and  prostaglandins.  In  one  study  using  isolated 
perfused  rabbit  heart,  prostaglandins  caused  increased  release  of  adenosine  and,  con* 
versely,  exogenous  adenosine  caused  the  release  of  prostaglandin-Iike  substances.^^ 
More  recently,  it  was  shown  that  exogenous  adenosine  stimulates  the  synthesis  of 
prostacyclin  m  isolated  perfused  rabbit  heart.****  The  physiologic  importance  of  these 
observations  remains  to  be  determined. 


PHYSIOLOGIC  ROLE  OF  ADENOSINE  AND  ATP 


The  overall  eOects  of  adenosine  in  the  mammalian  heart  are  schematically  sum* 
manzed  in  Figure  3.  The  release  of  adenosine  from  intracellular  compartments  is 
triggered  by  an  altered  oxygen  supply  to  oxygen  demand  ratio,  which  may  occur 
under  either  physiologic  or  pathophysiologic  conditions  On  the  one  hand,  adenosine 
depresses  cardiac  pacemakers  and  atrioventricular  nodal  conduction  resulting  in  the 
reduction  of  cardiac  work  and  decreased  oxygen  demand.  On  the  other  hand,  adenosine 
vasodilates  coronary  artenes,  and  thereby  increases  coronary  blood  flow  and  the  supply 
of  oxygen  to  the  myocardium. 

In  addition,  adenosine’s  indirect,  antiadrenergic  action  has  a  simitar  effect,  reduced 
oxygen  demand  and  increased  oxygen  supply.  Specifically,  our  preliminary  data  have 
indicated  that  adenosine  can  also  antagonize  the  effect  of  catecholamines  on  intra* 
myocardial  pressure  (IMP)  Because  the  latter  is  now  recognized  as  a  major  deter¬ 
minant  of  coronary  blood  flow,  it  is  tempting  to  speculate  that  the  reduction  of  IMP 
by  adenosine,  mediated  by  its  antiadrenergic  action,  acts  synergistically  with  the  direct 
vasodilator)’  action  to  increase  coronary  blood  flow,  while  simultaneously  further 
decreasing  myocardial  oxygen  demand 

The  ability  of  adenosine  to  reduce  vascular  and  myocardial  reperfusion  damage 
(associated  with  reflow  following  relatively  short  penods  of  complete  coronary  artery 
occlusion)  fits  well  into  this  scheme,  that  is,  a  scheme  in  which  adenosine  may  be 
viewed  as  an  endogenous  cardioprotective  agent  acting  via  several  mechanisms  to 
preserve  the  ischemic  myocardium. 

Less  IS  known  about  the  physiologic  role  of  ATP  The  specific  actions  of  the 
nucleotide  that  are  independent  of  its  degradation  to  adenosine  have  only  recently 
been  defined  These  include  direct  actions  on  vascular  smooth  muscle  and  myocardial 


FIGURE  3.  Schematic  outline  of  the 
cardiac  effects  of  adenosine  Adenosine, 
an  endogenous  metabolite,  is  released 
from  myocardial  celts  under  physio¬ 
logic  and  pathophysiologic  conditions 
charactenzed  by  reduceri  oxygen  supply 
and/or  increas^  oxygen  demand  The 
effects  of  this  nucleoside  tend  to  reduce 
oxygen  demand  and  increase  oxygen 
supply  See  text  for  details  AV  atno* 
ventncular,  IMP  intramyocardial  pres¬ 
sure 
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cells.  Tbe  fonner  have  been  suggested  to  be  involved  in  the  response  of  coronary 
arteries  to  localized  endothelial  cell  damage  and  localized  release  of  ATP  associated 
with  platelet  activation.  Furtbtf  studies,  however,  axe  required  before  the  physiologic 
role  of  extracellular  ATP  in  the  heart  is  fully  understood. 
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DISCUSSION  OF  WE  PAPER 


M.  H.  Maguire  (Untyersity  of  Kansas  Medical  Center,  Kansas  City.  KS)-.  With 
regard  to  the  cardioprotective  role  that  you  postulated  for  adenosine,  how  does  this 
accord  with  the  role  of  ischemia-mduced  adenosine  as  the  precursor  of  hypoxanthine, 
which  on  reperfusion  is  the  substrate  for  the  generation  of  toxic  oxygen  radicals? 
These  radicals  are  formed  by  action  of  xanthine  oxidase  on  hypoxanthine  and  are 
believed  to  be  responsible  for  reperfusion  injury. 

Pelleg  The  overall  cardioprotective  effect  of  adenosine  is  based  on  several  actions 
of  the  nucleoside  that  appeared  to  take  place  in  a  stepwise  fashion  depending  on  the 
amount  of  adenosine  m  the  active  compartments  Thus,  the  adenosine  level  threshold 
for  each  action  is  different 

Relatively  small  amounts  of  3den<»)ne  cause  coronary  vasodilation  and  increased 
blood  flow  and  oxygen  supply  to  the  affected  tissue  liigher  levels  of  adenosine  are 
required  for  electrophysiologic  effects  of  the  nucleoside,  that  is,  its  negative  chrono¬ 
tropic  action  on  the  cardiac  pacemakers  and  negative  dromotropic  action  on  AV  nodal 
conduction  These  effects  r^uce  cardiac  work  and  oxygen  demand  Further  increase 
in  adenosine  release  from  ischemic  cells  will  result  in  extracellular  levels  suflicient  for 
an  indirect,  antiadrcnergic  action  that  will  also  reduce  cardiac  work  and,  in  turn, 
oxygen  demand 

In  addition,  adenosine  can  cause  a  shift  m  cardiac  metabolism  from  fatty  acid  to 
carbohydrate,  which  is  beneficial  under  conditions  of  reduced  oxygen  supply. 

Upon  reperfusion,  adenosine  can  reduce  reperfusion  damage  by  attenuating  platelet 
aggregation  and  leukocyte  activation,  and  by  attenuating  the  release  of  superoxides. 
These  latter  effects  of  adenosine  were  shown  m  animal  models  as  well  as  in  humans 
using  exogenous  adenosine.  Therefore,  it  is  still  to  be  determined  whether  the  net 
effect  of  endogenous  adenosine  dunng  reperfusion  i$  beneficial  as  suggested  by  the 
above-mentioned  studies  or  detrimental  because  of  its  metabolism  to  precursors  of 
oxygen  radicals 
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NERVE,  MUSCLE,  ENDOTHELIAL  CELL  INTERRELATIONS  IN 
VESSEL  WALL 


Before  discussing  the  mechanisms  by  which  purines  control  local  blood  flow»  it  is 
important  to  understand  the  geometry  of  cell  relationships  m  the  vessel  wall  and  to 
define  some  of  the  terms  that  will  be  used  in  this  paper  The  wall  of  an  artery  consists 
of  adventitial,  medial,  and  mtimal  layers  Endothelial  cells  in  the  iniima  vary  consid» 
erably  in  their  hne  structure  and  are  often  separated  from  the  muscle  coat  by  dense 
elastic  tissue.  The  perivascular  nerves  arc  confined  to  the  adventitial -medial  border 
in  most  vessels,  and  whole-mount  stretch  preparations  show  that  the  perivascular 
plexus  consists  of  an  extensive  network  of  bundles  of  branching  varicose  terminal 
fibers.'  At  the  electron  microscopic  level,  it  can  be  seen  that  individual  vancose  fibers 
pass  close  to  muscle  fibers,  but  it  is  important  to  recognire  that  varicosities  do  not 
form  synapses  with  muscle  cells,  which  would,  by  definition,  involve  both  pre-  and 
postsynaptic  specializations  similar  to  those  seen  at  the  skeletal  neuromuscular  synapse 
or  at  ganglionic  synapses  Rather,  the  vancositics  in  autonomic  nerves  continuously 
vary  m  their  relationship  to  the  muscle  cells  in  the  medial  coat  (Fic  1),  and  the 
number  of  vancosities  (and  therefore  the  position  of  vancositics)  vanes  dunng  de¬ 
velopment  and  with  the  level  of  activity  of  the  nerve.  The  vascular  neuromuscular 
junction,  therefore,  involves  “en  passage”  release  of  transmitters  from  specialized 
prejunctional  sites  in  the  vancosities,  which  then  reach  receptors  located  more  or  less 
homogeneously  on  a  group  of  smooth  muscle  cells  The  smooth  muscle  cells  on  which 
the  receptors  are  located  do  not  show  any  postjunctional  specializations  and  are  usually 
in  electncal  continuity  with  each  other  via  gap  junctions  These  neuromuscular  junc¬ 
tions  are  particularly  suitable  for  the  neuromodulatory  actions  of  local  agents,  such 
as  prostaglandin,  histamine,  or  bradykinin,  or  of  circulating  neurohormones*  Neu- 
romodulation  may  be  either  prejunctional,  decreasing  or  increasing  the  amount  of 
neurotransmitter  released  by  the  nerve,  or  jiostjunctional,  modulating  the  time  course 
or  extent  of  action  of  the  neurotransmitter. 


refer  the  reader  to  my  previous  article  m  this  volume  (pp  1-18),  where  I  dealt  in  particular 
with  the  subclassification  of  punnoceptors  In  this  article,  I  am  concerned  with  analyzing  the 
vanous  roles  of  punnes  in  controlling  local  blood  flow  (see  also  references  1  and  2) 
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FIGURE  1.  Scanning  electron  micrograph  of  the  adventitial  surface  of  the  smooth  muscle  cells 
of  the  central  artenole  of  the  rat  retina  digested  by  ^llagenase  and  trypsin  before  fixation 
Arrows  point  to  vancositics  in  a  single  nerve  fiber  3  2  jrm.  From  Uehara  and  Suyama 


PERIVASCULAR  PURINERGIC  NERVES 

NonsympathetiCf  Furinergtc  Tmnsmiision 

In  view  of  the  potent  actions  of  punnes  on  the  vasculature,  it  was  perhaps  surprising 
that  few  examples  of  vessels  controlled  by  nerves  containing  ATP  as  the  pnncipal 
transmitter  emerged  m  the  1970s  As  wc  shall  see  later,  however,  ATP  is  now  known 
to  have  a  widespread  role  as  a  cotransmiticr  m  sympathetic  and  sensory-motor  nerves 
and  has  potent  vasodilator  effects  via  the  endothelium  (Fig  2). 


Rabbit  Portal  Vein 


The  best  example  of  nonsympathctie,  punnergic  innervation  of  vessels  is  the  in¬ 
nervation  that  supplies  the  rabbit  portal  vein  The  evidence  includes  the  following.  1 ) 
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fluorescence  histochemical  localization  of  a  fine  penvascular  plexus  in  the  wall  of  the 
vein  utilizing  qumacnne,  a  fluorescent  dye  that  is  known  to  bind  tightly  to  ATP  (this 
plexus  is  unaffected  by  sympathectomy)*'*;  2)  release  of  endogenous  ATP  dunng 
stimulation  of  penvascular  nerves  (the  release  of  ATP  is  abolished  by  tetrodotoxin 
as  is  the  vasodilator  response  to  stimulation  of  penvascular  nerves  that  persisted  in 
the  presence  of  atropine  and  guancthldlne)^*^  3)  mimicry  by  ATP  of  the  rapid 
vasodilatation  produced  by  stimulation  of  the  penvascular  nerves  in  the  presence  of 
atropine  and  guanethidme’  '*■'*;  4)  reduction  of  vasodilatation  mediated  by  penvas* 
cular  nerves  and  vasodilatation  produced  by  ATP  in  the  presence  of  reactive  blue  2, 
a  drug  that  appears  to  selectively  antagonize  the  PiY*p«nnoceptor.”'* 


Hat  Intrapulmonary  Arteries 

Excitatory  junction  potentials  recorded  m  the  smooth  muscle  of  these  vessels  were 
abolished  by  a./3*methylene  ATP,  a  selective  desensitizer  of  the  Pjx*punnoceptor,  but 


FIGURE  2.  A  schematic  representation  of  the  pos^'ble  roles  of  punnes  in  local  control  of  blood 
flow.  It  IS  suggested  that  ATP  is  released  from  endothelial  cells  (Endoth  )  dunng  hypoxia  or 
increased  flow  to  act  on  endothelial  Pjv'punnoceptors  leading  to  production  of  EDRF  and 
subsequent  vasodilatation  (  -)  In  contrast.  ATP  release  fro<n  penvascular  sympathetic  nerves 
at  the  adventit'al  (Advtnt.)-muscle  border  produces  vasoconstnciion  ( + )  via  Pjx-punnoceptors 
located  in  the  muscle  celia  Adenosine  (ADO),  resulting  from  rapid  breakdown  of  ATP  by 
ectoenzymes,  produces  vasodilatation  by  direct  action  on  the  muscle  via  P.-punnoceptors  Aden¬ 
osine  also  acts  on  Pfpunnoceptors  on  the  penvascular  nerves  to  inhibit  release  of  excitatory 
transmitters  Also  included  in  the  scheme  are  nonsympathetic  punnergic  nerves  known  to  release 
ATP  in  two  vessels,  namely  rabbit  portal  vein  (producing  vasodilatation)  and  rat  intrapulmonary 
artenes  (producing  vasoconstnction),  and  sensory-motor  nerves  that  may  release  ATP  as  a 
vasodilatory  cotransmitter  with  substance  P  (SP)  and  calcitonin  gene-related  peptide  (CGRP) 
dunng  “axon  reflexes  ”  From  Bumstock  *** 
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were  unaffected  by  guanethidme,  which  inhibits  release  of  ATP  as  well  as  noradrenaline 
(NA)  from  sympathetic  nerves.”  This  is  good  evidence  for  nonsympathctic,  purincrgic 
excitatory  innervation  of  these  vessels.  In  view  of  the  quinacnne  staining  of  a  sub¬ 
population  of  intramural  neurons  in  the  airways,”  it  seems  likely  that  the  perivascular 
purinergic  nerves  originate  m  these  ganglion  cells 


Other  Vessels 


Other  examples  may  be  found  where  there  is  some  evidence  for  direct  punnergic 
vasodilator  innervation  of  smooth  muscle  (that  is,  vasodilatation  is  not  via  endothelial 
purinergic  receptors).  Vessels  with  such  innervation  include  vessels  in  skeletal  muscle,” 
and  possibly  some  coronary  and  cerebral  resistance  vessels." 


Sympathetic  Purinergic  Transmission 


Early  evidence  for  ATP  and  NA  as  sympathetic  cotransmitters  comes  largely  from 
studies  of  the  vas  deferens.^'*”  There  arc  now  a  number  of  reports  of  sympathetic, 
purinergic  excitatory  cotransmission  to  vanous  blood  vessels,  although  there  is  con¬ 
siderable  variation  in  the  proportions  of  ATP  and  NA  utilized  In  most  of  the 
vessels  studied  so  far,  neuropeptide  Y  also  coexists  with  NA  in  the  sympathetic  nerves; 
however,  it  does  not  always  appear  to  act  as  a  cotransmitter,  but  rather  as  a  neuro- 
modulator  of  NA  release  and/or  activation.”  The  purinergic  component  of  the  va¬ 
sopressor  response  to  stimulation  of  the  sympathetic  outflow  in  the  pithed  rat  is 
blocked  by  nifedipine,  whereas  the  a-adrcnoceptor-mediated  response  to  the  cotrans¬ 
mitter,  NA,  is  relatively  resistant.”  Colocalization  and  synthesis  of  ATP  with  NA  m 
cultured  sympathetic  neurons  has  also  been  demonstrated.”” 


Rabbit  Saphenous  Artery 


This  IS  a  vessel  where  there  is  a  substantial  ATP  component  involved  in  sympathetic 
neurotransmission.  In  most  blood  vessels,  the  contnbutions  of  ATP  and  NA  to  the 
mechanical  response  to  sympathetic  nerve  stimulation  are  not  so  clearly  separated  as 
they  are  in  the  vas  deferens,  but  prazosin  reduces  the  response  of  the  rabbit  saphenous 
artery  by  less  than  30%  even  at  high  frequencies  of  sympathetic  nerve  stimulation 
(which  favors  the  NA  response),  while  the  remaining  response  is  blocked  by  a,/3- 
methylene  ATP*^“  or  ANAPP,  “ 


Mesenteric  Artery 


1 

The  mesenteric  artery  appears  to  another  vessel  where  the  ATP  contnbution 
to  sympathetic  cotransmission  is  high.  This  eflcct  is  seen  in  the  dog,”'”  rat,”"”  guinea 

pig,”  and  rabbit*^*  mesenteric  artery.  j 
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Rat  Tail  Artery 


Excitatory  junction  potentials  in  the  rat  tail  artery  are  resistant  to  prazosin  ”  but 
arc  blocked  by  a, /3-methylene  ATP  The  ATP  component,  however,  appears  to 
be  smaller  relative  to  NA  in  the  sympathetic  nerves  supplying  this  vessel,  so  that  it 
1$  more  difficult  to  demonstrate  a  mechanical  prazosm-resistant  component,  except  m 
tail  artery  taken  from  spontaneously  hypertensive  rats,  where  it  has  been  suggested 
that  the  ATP  component  m  the  sympathetic  nerves  is  more  prominent/^** 


Rabbit  Ear  Artery 


Evidence  has  been  presented  for  cotiansmission  involving  ATP  and  NA  in  the  ear 
artery,**"”  but,  as  in  the  rat  tail  artery,  it  is  difficult  to  demonstrate  a  prazosm-resistant 
(punnergic)  mechanical  component  of  the  response  to  penvascular  nerve  stimulation, 
except  with  short  bursts  of  pulses  lasting  about  a  second**  Excitatory  junction  po¬ 
tentials  recorded  in  the  rabbit  car  artery  are  clearly  prazosin  resistant 


Rabbit  Coronary  Artery 


In  the  rabbit  coronary  artery,  though  not  m  other  vessels,  NA  has  been  shown  to 
cause  dilatation  via  /3-adrenoceptors,  while  its  sympathetic  cotransmittcr,  ATP,  pro¬ 
duces  direct  vasodilatation  of  smooth  muscle  via  jPjv-punnoceptors  ”  This  situation 
IS  consistent  with  the  synergistic  nature  of  sympathetic  cotransmission  (albeit  exci¬ 
tatory)  seen  in  other  vessels. 


Pulmonary  Artery 


Sympathetic  punnergic  cotransmission  has  been  demonstrated  in  pulmonary  ar¬ 
teries  of  rabbit,”  ”  and  P,-purinoceptors  of  both  and  P,y  subclasses  have  been 
detected  in  pulmonary  artenes  of  cats*®  and  man.**  Recently,  we  have  used  ( *H]a./3- 
methylene  ATP  as  a  radioligand  for  labeling  the  P,x’Punnoccptor.“  The  localization 
of  this  receptor  in  the  rabbit  pulmonary  artery  is  illustrated  in  Figure  3. 


Intestinal  Circulation 


Evidence  for  purinergic  cotransmission  m  rabbit  ileocolonic  artery*^  and  artenal 
raesentenc  vessels  in  cat  intestine**  has  been  presented 
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Renal  Vascular  Bed 


Renal  periarterial  nerve^stimulation-induced  vasoconstriction  at  low  frequencies  is 
primanly  due  to  release  of  a  punner^c  transmitter  in  the  rat^^ 


Cerebral  Arteries 


Coexistence  of  NA  and  ATP  has  been  demonstrate  in  dog  basilar  artery*^  and 
middle  cerebral  artery." 


Rabbit  Aorta 


Su'*-"  used  tritium*labeie  adenosine  and  NA  to  indicate  that  ATP  is  released 
together  with  NA  from  sympathetic  nerves  supplying  the  rabbit  aorta. 


Skeletal  Muscle  Circulation 


Vasodilatation  produced  by  hypothalamic  stimulation  m  anesthetized  rabbits  has 
been  claime  to  be  meiate  by  ATP  release  from  sympathetic  nerves."  A  contn- 
bution  of  ATP  to  sympathetic  vasopressor  responses  of  the  pithed  rabbit  has  also  been 
demonstrated.** 


Sensory^Molor  Purinergic  Transmission 

As  far  back  as  1954,  Pamela  Holton’”  showed  that  ATP  might  be  released  during 
antidromic  impulses  in  sensory  nerves  supplying  the  rabbit  car  artery.  More  recently, 


FIGURE  3.  (A)  Rabbit  pulmonary  artery  viewed  using  bnght>field  optics  (cr>ostat  section 
stained  with  0  5%  toluidme  blue)  (B)  A  dark^held  view  of  A  showing  the  distnbution  of 
{^Hla,/?*nieATP  binding  sites  {the  section  was  incubated  with  10  nM  {’H]a,0*mcATP  at  30 
*C  for  30  min)  (C)  A  dark^field  view  of  a  section  adjacent  to  A  showing  the  nonspecific  binding 
sites  of  [  ’H)a,^*meATP  (the  s<xtion  was  incubated  with  10  nM  [  ’HJa,^*meATP  in  the  presence 
of  10  jiM  ^,y«mcATP)  Abbreviations  a  adventitia;  e.  endothelium;  sm  smooth  muscle  Bar 
30  jtm 
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ATP  has  been  claimed  as  a  neurotransmitter  in  some  small  primary  afferent  neurons 
that  impinge  on  neurons  in  sensory  nuclei  in  spinal  cord  and  brain.’*'^*  It  has  been 
suggest^  that  ATP  may  be  coreteased  with  substance  P  during  “axon  reflex”  va¬ 
sodilatation  of  skin  vessels,^’  and  because  there  are  Pjy'punnoceptors  directly  on  the 
smooth  muscle  of  some  vessels  (rather  than  exclusively  on  the  endothelium),  sen¬ 
sory-motor  punnergic  transmission  may  occur  in  these  vessels  too,  including  rabbit 
mesenteric  artery’*  and  rabbit  hepatic  artery  ” 


PURINERGIC  NEUROMODULATION 


Prejunctional  Modulation 


Adenine  nucleotides  and  nucleosides  have  been  shown  to  inhibit  NA  release  from 
sympathetic  nerves  that  supply  a  number  of  blood  vessels,  including  saphenous,  tibial, 
portal,  pulmonary,  and  mesentcnc  vessels**’**”  The  prejunctional  receptor  that  me¬ 
diates  these  actions  is  almost  always  the  P,-purinoceptor  l^ause  the  inhibitory  actions 
of  both  ATP  and  adenosine  are  blocked  by  methylxanthines  and  because  the  stable 
analogues  of  ATP,  such  as  /J.y-mcthylcne  ATP,  arc  mcffcctive.”  It  has  been  suggested 
that  occupation  of  P|-punnoceptors  leads  to  decreases  in  Ca^*  influx  and  subsequent 
reductions  in  NA  release.*’  In  most  tissues,  the  prejunctional  P,*punnoceptor  has  been 
shown  to  be  of  the  A,  subtype,”  but  the  A,  subtype  appears  to  be  dominant  in  the 
rat  portal  vein.**  Autoinhibition  of  release  of  ATP  from  symp.athctic  nerves  by  negative 
feedback  of  punnes  on  prejunctional  receptors  has  also  been  described.***®  Adenosine 
enhancement  of  sympathetic  neurotransmission  has  been  claimed  m  the  guinea  pig 
pulmonary  artery  ” 

Although  ATP  and  adenosine  have  been  shown  to  act  on  prejunctional  punnergic 
receptors,  and  to  lead  to  modulation  of  the  release  of  acetylcholine  from  cholinergic 
nerves  m  skeletal  muscle,  brain,  and  intestine.**'”  specilic  studies  on  cholinergic  trans¬ 
mission  to  blood  vessels  do  not  appear  to  have  been  earned  out.  Because  the  modulatory 
effects  on  acetylcholine  release  at  motor  nerve  endings  are  blocked  by  methylxanthines, 
it  seems  likely  that  they  are  mediated  by  P,-punnoceptors.””  Sihnsky”  has  suggested 
that  two  types  of  adenosine  receptor  may  be  present  at  cholinergic  nerve  endings— one 
reducing  and  the  other  enhancing  acetylcholine  release. 


Postjunctional  Modulation 


Punne  nucleotides  and/or  nucleosides  can  have  modulatory  effects  on  the  post¬ 
junctional  actions  of  both  NA  and  acetylcholine.  For  example,  ATP,  AMP,  and 
adenosine  have  been  shown  to  potentiate  the  contractile  actions  of  NA  on  the  vas 
deferens  *’■’*  Postjunctional  synergism  of  NA  and  ATP  has  also  been  demonstrated 
in  the  mesenteric  arterial  bed  of  the  rat.”  Increases  in  acetylcholine  receptor  sensitivity 
in  response  to  ATP  have  been  demonstrated,  particularly  at  the  motor  end  plate  and 
sympathetic  ganglia 
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PURINERGIC  VASODILATATION  VU  ENDOTHELIUM 


Furchgott  and  Zawadzki,'®*  while  explonng  the  action  of  acetylcholine  on  cn* 
dothelial  cells  of  the  rabbit  aorta,  were  the  first  to  introduce  the  concept  of  endothelium- 
mediated  vasodilatation.  Soon  aderward,  it  was  reported  that  ATP  and  ADP  (but 
rarely  adenosine)  receptors  were  present  on  vascular  endothelial  cells  and  produced 
potent  vasodilatation  via  the  same  mechanism  by  which  acetylcholine  participates  m 
the  release  of  endothelium-denved  relaxing  factor  (EDRF)."^'*^  Recently  /.TP  has 
been  shewn  to  directly  release  nitric  oxide  from  cultured  aortic  endothelial  cells."’ 

It  has  been  shown  in  several  different  vascular  preparations  that  the  Pjx-purino- 
ceptor  on  the  smooth  muscle  mediates  vasoconstriction  produced  by  ATP  released  as 
a  cotransmitter  with  NA,  and  that  the  Pjy'punnoceptor  on  endothelial  cells  mediates 
vasodilatation  produced  by  eDRF.’*’”*'®**"*"’  In  the  LangendoriT  heart  preparation, 
increases  in  perfusion  pressure  are  produced  by  a,j3-methylene  ATP,  a  selective  Pjx 
agonist,  whereas  decreases  in  pressure  are  product^  by  2-methyIthio-ATP,  which  is 
selective  for  the  PjY-purinoceptor.  Prolong^  exposure  to  a,i3*methylenc  ATP  selec¬ 
tively  blocks  the  vasoconstriction,  whereas  reactive  blue  2  selectively  blocks  the  va¬ 
sodilatation."’"* 

The  P^Y'Punnoceptor  on  vascular  endothelial  cells  has  been  charactenred  Tlie 
PjY'Punnoccptors  m^iate  not  only  endothelium-dependent  relaxation,  but  also  pros¬ 
tacyclin  synthesis"’ and  cell  mitogencsis."*  Mitogenic  actions  are  probably  involved 
m  the  accelerated  repair  of  lesions;  prostacyclin  controls  the  platelet  aggregation 
following  vascular  damage  The  P2Y*punnoceptors  on  endothelial  cells  are  coupled 
to  a  phospholipase  C  by  a  GTP-binding  protein,  and  ATP  or  ADP  induces  a  rapid 
and  transient  accumulation  of  inositol  1,4,5-tnsphosphate  in  cultured  endothelial 
cells."’*"’  This  is  followed  by  an  increase  in  cytoplasmic  Ca**,"*'"  which  is  likely 
to  mediate  further  cellular  events. 


PHYSIOLOGICAL  AND  PATHOPHYSIOLOGICAL  SIGNIFICANCE 
OF  PURINERGIC  VASOMECHANISMS 


It  is  suggested  that  following  ischemia,  there  is  a  release  of  ATP  (and  other 
substances)  from  endothelial  cells,  which  are  known  to  contain  high  levels  of  ATP 
following  high-atfinity  uptake  of  adenosine"*"’  This  ATP  then  acts  locally  on  P^y- 
punnoceptors  on  endothelial  cells  (together  perhaps  with  aDP  released  from  aggre¬ 
gating  platelet.0  to  lead  to  release  of  EDRF  and  vasodilatation,  which  protects  the 
delicate  tissues  of,  for  example,  heart  and  brain,  which  are  particularly  sensitive  to 
hypoxia.  Because  ATP  is  rapidly  broken  down  by  cctoenzymes,  especially  in  the  blood, 
reactive  hyperemia  mediated  by  ATP,  although  powerful,  will  be  short-lived;  also,  the 
prolonged  vasodilatation  that  occurs  with  hypoxia  i$  probably  mediated  by  its  break¬ 
down  product,  adenosine,  acting  directly  on  the  vascular  smooth  muscle  (Fig  2). 
This  hypothesis  would  provide  an  explanation  of  some  of  the  anomalies  pos^  by  the 
Berne  hypothesis  of  reactive  hyperemia,  in  which  adenosine  is  claimed  to  be  the  sole 
purine  involved,  released  per  sc  from  myocytes."*'"®  For  example,  it  would  explain 
why  there  is  only  partial  antagonism  of  vas^iiatation  of  the  coronary  circulation  in 
lesponse  to  hypoxia  by  methylxanthmes  or  adenosine  deaminase;  it  would  also  explain 
why  the  initial  response  to  hypoxia  in  the  lung  circulation  is  a  vasoconstnetion,  even 
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though  adenosint:  is  largely  a  ^‘asodilator  (ATP  cocstricts  pulmonary  vessds).  The 
lack  of  reduction  in  h)*poxic  \*asodtlatation  produced  by  the  adenonne  transport 
inhibitor,  dipyridamole,  could  also  be  explain^  if  ATP  rather  than  adenosine  per  se 
n'as  rdeased  from  oidothelial  cells  and  n-as  brckcn  down  by  ectoen^'mes  to  adenosine 
later,  with  its  uptake  presented. 

To  put  the  role  of  purines  in  produdog  vasodilatation  in  perspective,  it  is  important 
to  recognize  that  ATP  is  not  the  only  agent  stomd  and  released  from  endothel^  cells 
during  hypoxia.  The  acety]choline>s)*nthesmng  enzyme  choline  acetyhransferase  has 
been  loc^ized  in  endothelial  cells  in  brain  vessels*’*;  also,  Loesch  and  Bumstock'” 
ha\e  demonstrated,  with  electron-microscoi^  immunoc^'tochemical  techniques,  that 
serotonin  and  substance  P  also  show  positive  staining  in  some  endothelial  cells  in  the 
mesentoic  and  femoral  arteries  of  the  rabbit  We  have  also  collected  acetylcholine, 
serotonin,  and  substance  P,  as  well  as  ATP,  in  the  venous  effluent  of  the  Langendorff 
heart  prqiaration  during  hypoxia.*”'*””' 

The  physiological  conditions  under  which  ATP  is  released  from  sympathetic  nerv'cs, 
as  well  as  the  conditions  under  which  purines  modulate  the  release  of  NA,  are  not 
known,  but  some  speculation  is  tempting.  For  example,  during  vasodilatation  produced 
via  endothelial  cells  during  ischemia,  the  adoiosine  resulting  from  breakdown  of 
released  endothelial  ATP  would  diffuse  through  the  vessel  w'all  to  act  directly  on  the 
muscle  (rrinforcing  and  prolonging  vasodilatation),  also,  since  adenosine  breaks  down 
relatively  slowly,  it  might  reach  sympathetic  nerves  at  the  adventitial-medial  border, 
where  it  would  reinforce  this  protective  response  further  by  inhibiting  release  of  the 
vasoconstrictor  transmitters. 

The  existence  of  different  mechanisms  of  postjunctional  actions  of  ATP  and 
NA»these  mechanisms  being  electromechanical  and  pharmacomechanical,  respec¬ 
tively— suggests  that  they  play  different  roles  in  the  neurotransmission  process.  For 
example,  one  could  speculate  that  long-lasting,  low-frequency  discharge  in  sympathetic 
nerves,  which  favors  the  NA  component  of  the  response,  could  be  involved  in  the 
kind  of  homeostatic  regulation  involved  in,  say,  gentle  exercise,  whereas  short  bursts 
of  high-frequency  pulses  in  sympathetic  nerves,  which  favor  the  ATP  component, 
might  be  involvM  in  the  rapid,  short-lasting,  powerful  vasoconstnetion  involved  in 
the  defense  reaction. 

It  has  been  claimed  that  in  spontaneously  hypertensive  rats,  punnergic  mechanisms 
are  affected,  including  reduction  in  prejunctional  adenosine-mediated  neuromodulation 
of  NA  release,'”*'*  diminished  endothelium-mediated  vasodilatation  by  ADP,'”  and 
an  increased  role  for  ATP  as  a  sympathetic  cotransmitter  in  rat  tail  artery.”  Recent 
studies  also  indicate  that  sympathetic-mediated  forearm  vasoconstnetion  persists  aRer 
a-adfcnoceptor  blockade  in  hypertensive  patients  ”* 


SUMMARY 


The  potent  and  widespread  vascular  actions  of  punne  nucleotides  and  nucleosides 
have  long  been  recogniz^  A  dual  function  for  AFP  in  the  regulation  of  vascular 
tone  IS  considered.  ATP  acts  as  an  excitatory  cotransmitter  with  noradrenaline  from 
sympathetic  penvascular  nerves,  to  cause  vasoconstnetion  via  P2x'punnoceptors  lo¬ 
cated  on  vascular  smooth  muscle  In  contrast,  ATP  can  act  via  P.V  -punnoceptors 
located  on  vascular  endothelial  cells  to  release  EDRF,  which  diffuses  to  the  vascular 
smooth  muscle  and  produces  vasodilatation  The  main  source  of  intraluminal  aTP 
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is  likely  to  be  endothelial  cells,  and  its  release  can  be  measured  during  conditions 
such  as  changes  in  flow  and  hypoxia,  in  amounts  sufficient  to  activate  endothelial  Pjy- 
purinocqitors.  In  some  vessels,  ATP  acts  directly  on  Pjvpurinoceptors  located  in  the 
vascular  smooth  muscle  to  pr^uce  \'asodilatation;  the  possibility  that  the  ori^ns  of 
this  ATP  are  nonsympathetic  puriner^c  or  sensory-motor  nerves  is  discussed  ATP 
can  also  be  released  during  intravascular  platelet  aggregation  and  from  intact  and 
damaged  vascular  smooth  muscle  cells,  and  so  may  play  a  role  in  the  complex 
physiological  mechanisms  controlling  local  vascular  tone  under  normoxic  conditions, 
during  changes  in  blood  flow  and  during  vessd  injury. 
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DISCUSSION  OF  THE  PAPER 


J.  S.  Fedan  {National  Institute  for  Occupational  Safety  and  Health,  Morgantom, 
WV).  Your  comment  about  sympathetic  vancosities  has  implications  for  the  view 
that  adrenoceptor  density  is  not  uniform  on  (at  least)  smooth  muscle  cells.  Can  you 
comment  on  the  relationship? 

Burnstock:  If  you  are  refernng  to  the  c-adrenowptor  hypothesis,  I  do  not  believe 
that  this  can  be  regarded  as  secure  evidence  for  an  unhomogenous  distribution  of 
receptors  on  smooth  muscle.  Autoradiographic  studies  of  receptor  localization  suggest 
a  homogenous  distribution  for  most  smooth  muscles 

I.  L.  O  Buxton  (University  of  Nevada  School  of  Medicine,  Reno,  NV),  Dr. 
Burnstock,  you  have  desenbed  the  release  of  ATP  from  blood  vessels  in  response  to 
hypoxia  and  sheer  stress  Do  you  believe  that  ATP  is  responsible  for  moment-to* 
moment  regulation  of  blood  vessel  tone,  or  do  you  see  ATP’s  role  as  being  important 
in  pathophysiological  states? 

Burnstock.  My  guess  is  that  endothelium-mediated  vasodilation  tnggered  by 
ATP  IS  operating  in  norma)  homeostatic  conditions  where  it  is  in  dynamic  balance 
with  perivascular  nerve  activity  as  part  of  dual  control  of  local  blood  flow.  In  path¬ 
ophysiological  conditions  such  as  ischemia,  hypoxia,  or  rapid  change  in  blood  flow, 
however,  endothehum-mediated  vasodilation  may  play  a  dominant  role. 


BURNSTOar;  DUAL  CONTROL  OF  LOCAL  BLOOD  FLOW 


45 


R  I  Hume  {University  of  Michigan,  Ann  Arbor,  MI):  How  would  both  Pjx  and 
receptors  on  vessels  be  sdectively  activated  if  nerves  can  move? 

Burnstock:  I  do  not  believe  that  movement  of  varicosities  in  extended  perivas¬ 
cular  nerve  fibers  would  make  much  difference  to  the  effects  of  ATP  release  It  is 
true,  however,  that  we  know  too  little  about  the  regional  distnbution  of  perivascular 
sympathetic  and  nonsympathetic  nerves  releasing  ATP  in  different  vascular  beds  to 
predict  which  response  would  dominate  in  high-  or  low-tone  conditions  in  a  given 
vessel.  A  similar  problem  exists  for  the  receptors  of  vessels  containing  both  a-  and 
^•adrenoceptors. 

J.  S.  Wiley  {Austin  Hospital  Heidelberg,  Austnlia):  I  am  curious  about  the  source 
of  plasma  ATP.  In  the  past,  we  have  focused  on  platelet-dense  granules  as  a  source 
of  plasma  ATP,  but  your  comment  about  an  endothelial  source  of  plasma  ATP  does 
raise  the  question  of  whether  this  secreted  compound  is  vesicular  (granular)  or  cy¬ 
toplasmic  in  ongin.  Do  Wiebel-Palade  bodies  or  other  endothelial  granules  contain 
ATP  as  well  as  factor  8? 

Burnstock:  We  have  been  carrying  out  a  senes  of  studies  of  endothelial  storage 
and  release  of  not  only  ATP,  but  also  of  acetylcholine,  substance  P,  and  serotonin 
Release  is  Ca**  dependent,  and  my  guess  is  that  it  is  largely  by  exocytosis  from 
vascular  stores,  comparable  to  release  from  nerve  terminals  We  still  need  hard  evidence 
for  this,  however.  As  for  nerves,  we  cannot  exclude  the  possibility  of  nonvesicular 
release  of  ATP. 
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INTRODUCTION 


When  considenng  the  significance  of  extracellular  ATP  m  relation  to  a  particular 
cell  type  or  tissue,  we  should  keep  in  mind  certain  fundamental  questions 


•  What  are  the  opportunities  for  the  cells  to  encounter  extracellular  ATP? 

•  From  what  sourcc(s)  and  m  what  concentrations? 

•  How  do  the  cells  respond  to  ATP? 

•  What  are  the  biological  consequences  of  such  responses? 

•  How  and  where  is  the  extracellular  ATP  metabolized? 

•  Do  the  metabolic  pathways  themselves  exert  biological  effects? 


In  some  situations  where  extracellular  ATP  may  be  encountered,  the  answers  to 
most  of  the  questions  listed  above  arc  a  matter  for  conjecture,  but  in  the  case  of  the 
vascular  endothelium,  a  considerable  amount  of  relevant  information  is  available  (see 
Gordon'  for  a  review) 


ANATOMICAL  LOCATION  OF  ENDOTHELIUM 


The  opportunities  for  vascular  endothelial  cells  to  interact  with  extracellular  ATP 
are  considerable,  partly  because  of  the  anatomical  location  of  the  endothelium  Because 
it  is  the  interface  between  the  blood  and  the  rest  of  the  body,  the  vascular  endothelium 
is  the  first  tissue  exposed  to  any  ATP  released  into  the  plasma,  and  there  are  several 
potential  sources  of  plasmatic  ATP. 


ATP  FROM  BLOOD  CELLS 


ATP  IS  a  virtually  ubiquitous  intracellular  constituent,  and  therefore  it  is  no  surprise 
that  erythrocytes,  leukocytes,  and  platelets  all  contain  significant  amounts  of  ATP. 
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As  IS  the  case  with  other  tissues  in  the  body,  ATP  can  be  released  from  blood  cells 
exposed  to  damaging  stimuli,  even  if  the  damage  is  sublethal— for  example,  release 
of  ATP  from  erythrocytes  in  response  to  hemodynamic  and  other  stresses  has  been 
demonstrated.  In  addition,  however,  the  blood  platelets  are  a  particularly  nch  source 
of  plasmatic  ATP  because  their  dense  bodies,  in  which  serotonin  is  stored,  also  contain 
ATP  in  remarkably  high  concentrations— of  the  order  of  1  M.  The  contents  of  these 
dense  storage  granules  are  released  from  the  platelets  when  they  aggregate  and  undergo 
a  secretion  reaction.  In  consequence,  the  concentration  of  ATP  plus  ADP  in  the  bulk 
phase  of  the  plasma  can  reach  concentrations  of  around  20  or  so,'’^  and  the  ATP 
concentration  immediately  around  a  platelet  aggregate  can  be  even  higher. 


ATP  FROM  THE  VESSEL  WALL  AND  OTHER  TISSUES 


Research  into  the  effects  of  trauma  during  and  shortly  after  the  Second  World 
War  showed  that  ATP  was  released  into  the  plasma  following  physical  damage  to 
tissues,  or  ischemia.’  Subsequent  work  quantified  the  ATP  released  into  the  blood 
perfusing  ischaemic  vascular  beds*  or  working  muscle  ’  The  ATP  released  from  in¬ 
dividual  small  blood  vessels  subjected  to  physical  trauma  has  also  been  measured,^ 
and  studies  with  vascular  endothelial  cells  in  culture  showed  that  they  could  release 
ATP  in  biologically  significant  amounts  when  exposed  to  stimuli  such  as  cationic 
proteins  or  proteolytic  enzymes.’’’ 


RESPONSES  OF  ENDOTHELIAL  CELLS  TO  ATP 


ProstacycUn 


When  endothelial  cells  are  grown  to  confluence  on  microcarner  beads,  and  these 
beads  are  packed  in  columns,  continuously  perfused,  and  bnefly  exposed  to  ATP, 
there  is  a  rapid  production  of  prostacyclin.'*’  The  production  of  prostacyclin  is  dose 
dependent,  with  the  maximum  secretion  rate  being  reached  only  seconds  after  the 
initial  exposure  This  represents  an  increase  of  several  hundred  fold  over  basal  pro¬ 
duction,  and  prostacyclin  secretion  returns  to  basal  level  within  a  few  minutes,  even 
in  the  continuing  presence  of  the  stimulus  Repeat  exposures  to  extracellular  ATP 
result  in  the  repeated  production  of  prostacyclin,"  unless  the  intervals  between  the 
exposures  are  too  short,  in  which  case  desensitization  occurs  " 

The  receptor  involved  in  this  response  is  of  the  P^y  subclass  "  Studies  with  a  range 
of  analogues  showed  that  substitution  in  the  2-position  increases  potency,  that  the 
stereochemistry  of  the  sugar  moiety  is  critical,  and  that  metabolism  of  the  ATP  is 
unrelated  to  stimulatory  potency— analogues  poorly  metabolized  are  of  similar  potency 
to  those  that  are  readily  susceptible  to  metabolism." 
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Endotheltum^Derived  Relaxing  Factor 


Shortly  after  the  discovery  of  €ndothelium*dcnvai  relaxing  factor  (EDRF)  induced 
by  vasodilators  such  as  acetylcholine,'*  it  was  established  that  ATP  could  also  induce 
endothelium-dependent  vasodilation,”  even  when  the  capacity  of  the  endothelial  cells 
to  synthesize  prostacyclin  was  blocked  The  receptor  involved  in  this  response  is 
also  of  the  Pjy  subclass  and  shows  broad  similarities  to  the  receptor  responsible  for 
prostacyclin  production,  in  terms  of  the  rank  order  of  potency  of  a  range  of  ATP 
analogues,  but  there  arc  some  intriguing  differences"'^  It  is  too  early  to  conclude 
that  subtypes  of  the  receptor  may  exist,  but  the  possibility  of  further  subdivision 
of  punnoceptors  should  be  kept  m  mind. 

The  expenmental  system  involving  columns  of  microcarner  beads  covered  in 
endothelial  cells  and  subjected  to  continuous  perfusion,  described  above  for  studies 
on  prostacyclin  production,  was  also  used  to  establish  that  EDRF  released  from 
stimulated  endothelial  cells  was  nitnc  oxide,'*  denved  from  L>argtnine  This  pathway 
has  now  been  identified  m  other  cell  types." 


INTRACELLULAR  REGULATION 


It  has  become  clear  that  the  levels  of  intracellular  calcium  in  endothelium  are 
central  to  the  control  of  prostacyclin  production  in  response  to  various  stimuli,  in* 
eluding  ATP."  This  nse  in  intracellular  calcium  begins  first  by  liberation  from  intra* 
cellular  stores  and  second  by  influx  from  the  surrounding  medium  "  The  full  details 
of  the  metabolic  pathways  responsible  for  EDRF  production  in  response  to  stimulation 
by  ATP  remain  to  be  elucidated. 


Membrane  Permeability 


In  common  with  many  other  cell  types,"**  endothelial  cells  respond  to  high 
concentrations  of  ATP  (around  millimolar)  with  an  increase  in  membrane  perme¬ 
ability.*’  Such  concentrations  of  extracellular  ATP  are  probably  seldom  encountered 
in  vivo,  although  theoretical  calculations  indicate  that  they  can  anse  in  the  pericellular 
environment  surrounding  an  aggregate  of  platelets  that  are  undergoing  maximum 
degranulation. 


BIOLOGICAL  CONSEQUENCES  OF  STIMULATION  OF 
ENDOTHELIUM  BY  ATP 


The  actions  of  extracellular  ATP  on  vascular  endothelium  have  two  main  effects 
one  on  vascular  tone  (and  therefore  blood  flow),  and  one  on  platelet  aggregation 
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Vascular  Tone 


The  appearance  of  ATP  m  the  plasma  usually  results  m  vasodilation  This  vaso¬ 
dilation  could  anse  (in  theory)  either  through  the  actions  of  prostacyclin  or  of  EDRF, 
but  studies  in  which  ATP  was  injected  into  perfused  vascular  beds  (for  example,  the 
coronary  circulation)  have  shown  that  although  prostacyclin  and  EDRF  can  both 
induce  vasodilation  and  therefore  increase  blood  flow,  EDRF  is  the  agent  responsible 
under  most  conditions.  The  vasodilator  eflects  of  prostacyclin  are  only  seen  in  response 
to  larger  amounts  of  ATP.“  Although  ATP  can  cause  vasoconsinction  in  some  blood 
vessels  by  an  action  via  Pjx  receptors  on  vascular  smooth  muscle  cells, the  net  effect 
is  usually  vasodilation— presumably  because  the  actions  are  mediated  via  the  P:v 
receptors  on  endothelial  cells,  which  predominate  under  normal  conditions  when  the 
endothelium  is  intact.  ATP-tnduced  vasodilation  has  b^n  seen  following  bolus  injec¬ 
tions,  continuous  infusion,  or  topical  application  to  the  external  surface  of  some 
vascular  beds  (for  example,  the  cat  pial  artenes).” 


Platelet  Function 


Both  prostacyclin  and  nitnc  oxide  can  also  act  as  powerful  inhibitors  of  platelet 
aggregation,  the  former  by  stimulating  adenylate  cyclase  and  thus  raising  intracellular 
levels  of  cyclic  AMP,  and  the  latter  by  stimulating  guanylate  cyclase  and  thus  raising 
cyclic  GMP.  Where  both  stimuli  are  present  together,  and  therefore  both  pathways 
arc  activated,  there  is  a  synergistic  inhibitory  effect  (see  Moncada  et  al  for  a  review) 


EFFECTS  OF  ATP  METABOLITES 


In  addition  to  the  effects  of  prostacyclin  and  nitnc  oxide,  which  are  released  from 
endothelium  stimulated  by  ATP,  the  metabolites  of  ATP  also  aflect  vascular  tone  and 
platelet  function  When  ATP  m  the  circulation  is  metabolized  {vide  infra),  ADP, 
AMP,  and  adenosine  arc  formed.  ADP  acts  like  ATP  on  Pjy  receptors,  and  can  thus 
reinforce  ATP's  vasodilating  effects,  but  it  also  induces  platelet  aggregation  via  a 
distinct  class  of  purinoceptor  on  blood  platelets  Adenosine,  the  eventual  metabolite, 
can  induce  vasodilation  by  direct  action  on  vascular  smooth  muscle  cells,  and  it  can 
also  inhibit  platelet  aggregation  by  stimulating  adenylate  cyclase— like  prostacyclin, 
although  less  effectively. 


METABOLISM  OF  ATP 


ATP  IS  not  rapidly  metabolized  in  isolated  blood  samples,  the  half-time  is  20-30 
min  in  plasma  at  37  *C,  and  10-15  min  m  whole  blood  In  the  circulation,  however, 
metabolism  is  very  efficient,  the  half-time  for  adenine  nucleotides  in  the  pulmonary 
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vasculature  has  been  calculated  to  be  less  than  0  6  sec  ATP  is  metabolized  in  the 
circulation  mainly  by  ectoenzym^  on  the  luminal  surface  of  endothelium.’’  The  speed 
of  ATP  metabolism  derives  not  only  from  the  characteristics  of  these  endothelial 
ectonucleotidases,  but  also  from  the  enormous  surface  area  of  endothelium  in  micro* 
circulatory  beds.  In  consequence,  ATP  metabolism  takes  place  mainly  in  the  micro- 
circulation,  not  m  large  blood  vessels.  The  metabolic  pathway  involves  sequential 
dephosphorylation,  with  ATP  being  converted  to  ADP.  then  to  AMP,  then  to  aden¬ 
osine,  which  IS  taken  up  by  active  transport  and  rephosphorylated  intracellularly 

Ectonucleotidases  have  also  been  described  on  other  ceils  in  various  tissues  of  the 
body,  and  on  circulating  blood  celts,  but  any  ATP  released  into  the  plasma  is  me¬ 
tabolized  pnmanly  by  endothelial  ectonucleotidases,  largely  because  of  the  position 
of  endothelium  as  the  biological  interface  with  the  blood  (q  v.). 

The  endothelial  ectonucleotidases  that  metabolize  ATP,  ADP,  and  AMP  are  three 
discrete  enzymes  with  complex  interactive  control  Their  characteristics  are  in  some 
respects  different  from  those  of  the  ectonucleotidases  present  on  other  cel!  types  (see 
Slakey  et  ai  for  full  details  of  ATP  metabolism  by  endothelial  and  vascular  smooth 
muscle  cells) 


REFERENCES 


1.  Gordon,  J.  L  1986  Biochem  J  233:  309-319 

2  iNCERMAN,  C  M.J  B  Smith  &M  J.  Silver.  1979  Thromb  Res  16:  335-344 

3  Green,  H.  N  &  H  D  Stoner.  1950  Biological  Actions  of  the  Adenme  Nucleotides  H 

K.  Lewis  London 

4.  Clemens,  M  G  &  T  Forrester  1981  J  Physiol.  312: 143-158 

5  F'ORRESTER,  T.  1972  J  Physiol  224:611-628 

6  Born.  G  V  R  &  M  a  A.  Kbatzer  1984  J.  Physiol  354:  419-429. 

7  Pearson,  J  D.  &  J.  L  Gordon  1979  Nature  281:  384-386 

8  Lollar,  P  &  W  G.  Owen  1981  Ann  N.Y.  Acad  Sci  370:  51-56 

9  LeRoy,  E  C.  a  Acer  &  3  L  Gordon  1984  J  Clm  Invest.  74:  1003-1010 

10  Pearson,  J.  D ,  L  L.  Slakey  L  Gordon  1983  Biochem  3.214:  273-276 

11  Needham, L  A.N.J  Cusack, J  D  Pearson&J  L  Gordon  1987  Eur.J  Pharmacol 

134;  199-209. 

12  Toothill,  V  J,  L  A.  Needham,  J  L  Gordon  &  J.  D  Pearson  1988  Eur  3 

Pharmacol  157:  189-196 

13  Burnstock,  G.  &  C  Kennedy  1985.  C-n  Pharmacol  16:  433-440 
14.  FURCHCorr,  R  F.  &J  V.  Zawadski  1980  Nature  288:  373-376 

15  DeMey,  J.  G.  &P  M  VANiiourrc  19S1  J  Physiol  (I..ondon)  316:  **37-455 

16  Gordon,  J.  L  &  W.  Martin  1983  Dr  I.  Pharmacol  79;  531-542 

17  Martls,  W.,  N  J.  Cusack,  3  S  Carleton&J  L  Gordon  1985  Eur  J  Pharmacol 

108:  295-299 

18  Palmer,  R  M  J,A  G.  Ferrige&$  Moncada  1987  Nature 327;  524-526 

19  Palmer,  R  M  J,  D  S  Ashton  &  S  Moncada  1988  Nature  333:  664-666 

20  Moncada,  S  ,  R  M  J  Palmer  &  A  Hioos  1989  Commentary  Biochem  Pharmacol 

38;  1709-1715. 

21  Hallam,  T  J  &  J  D  Pearson  1986  FEES  Utt.  207;  95-99 

22  Pearson,  J  D  &  T  D  Carter  1990  Ann  N  Y  Acad  Sci  This  volume 

23  Dicker,  P  ,  L  A  Heppel  &  E  Rozengurt  1980  Proc  Natl  Acad  Sci  USA  77: 

2103-2107 

24  Cockcroft,  S  &  B  D  Gomperts  1980  Biochem  3  188;  789-798 

25  Pearson,  3  D  &  3  L  Gordon  Unpublished  results 

26  Fleetwood,  G  &  3  L.  Gordon  1987  Br  3  Pharmacol  90.  219-227 


GORDON:  EFFECTS  OF  ATP  ON  ENDOTHELIUM 


51 


27  Kennedy,  C ,  D.  Delbro  &  G  Burnstock  1985  Eur  J  Pharmacol  107;  161-168. 

28  Forrester,  T  ,  A  M,  Harper,  E  T  Mackenzie  &  E  M  Thomson  1979  J.  Physjol 

(London)  296:  343-355 

29  Moncada,  S  ,  R  M  J.  Palmer  &  A  Higgs  1988  Hypertension  12:  365-372. 

30  Ryan,  U  &  J  V#,  Smith  1971  Trans  Assoc  Am  Physicians  84:  297-306 

31  Pearson,  J.  D.  &  J  L  Gordon.  1985  Annu.  Rev  Physiol  47:  617-627. 

32  Pearson,  J  D ,  J  S.  Carletgn,  A  L  Hutchings  &  3  L  Gordon.  Biochem  J  170: 

265-271. 

33  Gordon,  E  L.,  J  D  Pearson&L  L  Slakey  1986  J  Biol  Chem  261:  15496-15504 

34  Slakey,  L  L  ,  E  L  Gordon  &  J  D  Pearson  19^  Ann.  N  Y  Acad  Sci  This  volume 


DISCUSSION  OF  THE  PAPER 


S.  C  SiLVERSTElN  {Columbia  University,  New  York,  NY)\  Can  you  distinguish 
the  receptors  on  the  endothelial  cells  that  recognize  ATP  from  those  that  recognize 
UTP?  Docs  ATP  desensitize  endothelial  cell  responses  to  UTP?  Peter  Ward  has  said 
that  in  neutrophils  UTP  desensitizes  the  ATP  effect  on  Ca**  mobilization 

Gordon:  We  have  not  done  that  experiment.  Peter  Ward’s  group,  however,  by 
measunng  calcium  transients  in  human  neutrophils,  has  shown  that  ATP  and  UTP 
cross-desensitizc,  and  that  the  response  to  FMLP  is  unaffected. 

P.  A.  Ward  {University  of  Michigan  Medical  School,  Ann  Arbor,  MI)'  In  data  to 
be  presented  by  Dr.  B  Walker,  in  human  neutrophils  ATP  and  UTP  mutually 
desensitize  to  each  other  with  respect  to  calcium  transients,  but  the  response  to  FMLP 
IS  entirely  intact,  suggesting  that  signal  transduction  pathways  related  to  nucleotides 
are  linked  but  independent  of  these  pathways  related  to  FMLP. 

B  B.  Fredholm  {KaroUnska  Institutet.  Stockholm.  Sweden)'.  We  (Fredholm  & 
Lemcr.  Biochem  Pharmocol  34:  937-940,  1985)  found  that  2-chloro*adenosine  can 
cause  PG  release  and  PG'dependcnt  bone  resorption  that  is  not  mimicked  by  other 
adenosine  analogues  or  blocked  by  adenosine  receptor  antagonists  Could  2-Cl-aden- 
osine  act  on  the  same  site  as  2-CLATP  that  you  desenbed?  Or  is  it  possible  that  2- 
Cbadenosine  could  be  metabolized  to  2-CI-ATP  and  be  active  in  that  form? 

Gordon  2-Cl-Adenosine  was  ineffective  at  stimulating  PGL  production  in  en¬ 
dothelial  cells 

C.  F.  Neely:  What  contributions  docs  prostacyclin  release  make  in  the  /\TP- 
induced  relaxation  of  precontracted  pig  aortic  nngs?  I  have  demonstrated  that  under 
conditions  of  control!^  pulmonary  blood  flow  the  ATP-induced  vasodilation  of  pre¬ 
contracted  vessels  in  the  feline  pulmonary  vascular  bed  is  not  affected  by  cyclooxy¬ 
genase  inhibition  It  would  depend  on  the  response  of  a  given  vascular  bed  to  respond 
to  nitnc  oxide,  it  most  likely  would  vary  according  to  the  vascular  bed 

Gordon*  PGl}  did  not  contnbute  to  relaxation  of  the  piglet  aorta  induced  by 
ATP.  ATP  probably  induces  endothelium-dependent  vasodilation  m  most  vascular 
beds  by  stimulating  the  production  of  nitrous  oxide 

J.  S  Davidson  {University  of  Cape  Town  Medical  School,  Cape  Town.  South 
Africa)'.  Although  you  are  reluctant  to  propose  two  Fjy  subtypes,  your  data  would 
appear  to  demand  it  It  is  very  difficult  to  envisage  how  a  similar  receptor  could 
produce  the  different  responses  to  UTP  and  to  2-melhylthio-ATP  you  have  observed 
Gordon  Subdivision  of  the  P2y  receptor  class  may  eventually  be  nec^sary,  but 
until  antagonists  that  discnminate  l^tween  subtypes  are  available,  attempts  at  formal 
subclassihcation  are  probably  premature  at  present. 
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Y.  H.  Ehrlich  {College  of  Staten  Island.  New  York.  NY)\  Based  on  your  data 
of  ATP  content  and  percentage  release,  what  is  the  estimate  of  the  ATP  concentration 
at  the  cell  surface  dunng  the  cytoplasmic  release  of  ATP  or  during  the  vesicular 
cxocytosis  of  ATP? 

Gordon:  The  cytoplasmic  concentration  of  ATP  is  about  1  mM  m  most  cells; 
therefore,  if  most  of  this  is  released,  and  diffuses  into  a  pericellular  unstirred  layer  of, 
say,  10  times  greater  volume  than  the  intracellular  compartment,  the  pericellular 
concentration  of  ATP  could  initially  be  up  to  100  ;iM  or  so.  The  pencellular  con¬ 
centration  around  a  platelet  aggregate  that  has  undergone  maximum  degranulation 
could  initially  be  even  higher,  because  the  ATP  concentration  in  the  dense  granules 
(from  which  ATP  is  selectively  released  by  cxocytosis)  approaches  1  M. 

I.  FriedbeRG  (Tel  Aviv  University,  Tel  Aviv,  Israel)-.  I  am  refemng  to  the  first 
part  of  your  lecture,  about  the  release  of  ATP  from  endothelial  cells  by  trypsin  and 
other  stimulators.  Is  this  release  specific  for  nucleotides,  or  is  the  release  due  to  a 
nonspecific  increase  m  the  membrane  permeability? 

Gordon  The  release  of  ATP  is  selective,  inasmuch  as  no  concomitant  release  of 
LDH  from  the  cytoplasm  was  observed 

S  E.  O'CosnOK  (Fisons pic,  Loughborough,  Leicestershire,  England).  Continuing 
the  theme  of  possible  subtypes  of  receptors,  you  showed  that  2-Me-S-ATP  had 
very  low  efficacy  for  PGIj  release  from  endothelial  cells,  suggesting  that  it  is  a  partial 
agonist  Have  you  tested  the  antagonist  properties  of  2-Me-S'ATP  against  full  agonists 
in  this  system,  that  is,  2-Cl-ATP,  ATP,  and  particularly  UTP? 

Gordon:  Using  ATP  as  the  agonist,  we  test^  2-Mc-S-ATP,  but— to  our  dis¬ 
appointment— we  found  no  antagonist  effects. 
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Nucleotides  on  Visceral  Smooth 
Muscle 


DAVID  SATCHELL 

Department  of  Zoology 
University  of  Melbourne 
Parkville,  Victoria,  Australia  S0S2 


INTRODUCTION 


Sixty  years  ago  the  effects  of  adenme  nucleotides  on  smooth  muscle  were  reported.’ 
Since  this  time  a  large  volume  of  data  has  accumulated,  hrst  on  the  actions  of  the 
naturally  occurnng  adenme  nucleotides  on  smooth  muscle,  and  more  recently  on  the 
effects  of  adenme  nucleotide  analogues,  that  is,  adenme  nucleotides  having  modih* 
cations  in  the  punne  and  nbose  moieties  and  in  the  phosphate  chain. 

In  order  to  gam  a  comprehension  of  the  actions  of  ATP  and  its  analogues  on 
visceral  smooth  muscle,  the  actions  of  ATP  on  m  vitro  prepaiations  of  a  wide  vanety 
of  tissues  have  been  determined  and  the  results  examined.  The  guinea  pig  taenia  coli 
preparation  has  been  selected  for  detailed  studies  on  the  interpretation  of  the  action 
of  ATP,  and  it  will  be  shown  that  the  action  of  this  nucleotide  is  complicated  not 
only  by  its  rapid  breakdown  during  the  contact  time  with  the  preparation,  but  by 
actions  of  the  breakdown  products  themselves 

Studies  have  also  been  earned  out  on  the  effects  of  a  short  senes  of  analogues  of 
ATP  on  selected  preparations  from  the  gut,  the  reproductive  system,  and  the  airways, 
in  order  to  further  examine  the  concept*  of  different  receptor  subtypes  for  ATP. 


METHODOLOGY 


Lung  stnps  were  dissected  from  along  the  pointed  margins  of  lung  lobes  of  guinea 
pigs.  These  stnps  were  1 5  mm  m  length  and  1.5  mm  in  diameter.  All  other  preparations 
were  dissected  as  desenbed  previously’  and  placed  m  organ  baths  containing  a  Krebs 
solution  of  the  following  composition  (millimolar  concentrations).  NaCl,133;  CaCli, 
2  5;  MgS04.  1.2;  NaHCO,,  16  3,  NaH,PO.,  1.5,  dextrose,  7  8,  KCl,  A.7.  The  solution 
was  bubbled  with  a  95%  oxygen-5%  carbon  dioxide  mixture  and  maintained  at  37  *C. 

Muscle  activity  was  registered  on  Grass  polygraphs  recorded  isom^tncally  with 
Grass  FT03  transducers  or  Gould-Statham  UC2  transducers 
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Adenine  nudeotide  an2logue$  ^‘ere  obtained  from  the  Sigma  Oiemical  Company, 
St  Louis,  MO. 

At  the  conclusion  of  each  organ  bath  expoimcnt,  tetrodotoun  (1  fig/wl)  was 
added  to  the  organ  bath  and  the  effects  of  agonists  tested,  to  rule  out  the  posability 
of  nerve'mediatM  responses. 


RESULTS  AND  DISCUSSION 


Actions  of  ATP  on  Various  Preparations  of  Visceral  Smooth  Muscle 


ATP  and  usually  ADP  have  the  potential  to  cause  relaxation  or  contraction  of 
most  preparations  containing  visceral  smooth  muscle.  In  some  cases  both  responses 
are  seen.  For  example,  in  preparations  of  guinea  pig  ileum,  ATP  (5  fiM)  consistently 
caused  biphasic  responses  in  which  relaxations  were  followed  by  contractions  (Fig. 
1  &  Table  1 ).  The  shape  of  the  response  was  influoiced  by  the  tone  of  the  preparation. 
Contractions  were  pronounced  in  low-tone  preparations,  and  relaxations  were  en¬ 
hanced  by  raising  the  tone  of  preparations  (FiG.  1). 

When  the  individual  circular  and  longitudinal  muscle  layers  of  guinea  pig  ileum 
were  surgicall>  isolated  and  mounted  in  organ  baths,  preparations  containing  the 
circular  layer  consistently  relaxed  in  response  to  ATP,  while  preparations  conUimng 
the  longitudinal  layer  consistently  contracted  and  failed  to  relax  even  at  high  tone 
(Fig  1 ).  It  is  not  clear,  then,  how  Fink!eman>type  preparations,  that  is,  whole-segment 
preparations  of  guinea  pig  ileum,  elicited  their  response.  One  possibility  is  that  the 
relaxation  of  the  circular  muscle  layer  preceded  contraction  of  the  longitudinal  layer 
and  that  the  initial  relaxation  of  the  segment  was  due  to  relaxation  of  the  circular 
muscle  Another  possibility  is  that  longitudinal  muscle  that  is  in  segments  behuves 
differently  from  longitudinal  muscle  that  is  dissected  free. 

These  results  emphasize  the  advisability  of  conducimg  experiments  on  individual 
muscle  layers  rather  than  whole  segments  There  is  a  large  amount  of  information, 


FIGURE  1.  Effects  o.  ATP  (S  uM)  on  preparations 
of  guinea  pig  ileum  over  30-sec  intervals  Ihc  traces 
in  the  upper  panel  show  responses  of  whole-segment 
preparations  (a)  a  preparation  with  normal  tone;  (b) 
a  preparation  with  low  tonq  (c)  a  preparation  with 
high  tone  The  trace  in  the  middle  panel  shows  the 
response  of  the  circular  muscle  layer  dissected  free  of 
the  longitudinal  muscle.  The  traces  in  the  lower  panel 
show  responses  of  preparations  of  longitudinal  layer 
dissected  free  of  the  circular  layer  (•)  a  preparation 
with  normal  tone,  (b)  a  preparation  in  which  the  lone 
had  been  raised  by  adjusting  the  concentration  of 
the  Krebs  solution  to  17  5  mM  Time  markei  30  sec 
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TABLE  I.  Effect  of  ATP  on  Preparations  of  Visceral  Smooth  Muscle' 


Tissue 

ConcentralKKi 

OtM) 

Response 

Guinea  pig  taenia  coli 

02-10 

Relaxation 

Guinea  pig  and  meuse  colon 

5-150 

Relaxation 

Mouse  rectum 

10-50 

Relaxation 

Mouse  and  rat^t  ileum 

l-IOO 

Relaxation 

Guinea  pig  ileum 

5 

Relaxation  then  contraction 

Guinea  pig  internal  anal  sphincter 

1-200 

Relaxation 

Rabbit  anococcygeus 

Stomach  of  various 

10-500 

Relaxation 

mammalian  species 

Guinea  pig  ileum 

1-200 

Relaxations  most  common— 
contractions  and  biphasic  responses 
also,  depending  on  muscle  la>er  and 
species 

longitudinal  muscle 

Guinea  pig  ileum 

1-30 

Coniiaclion 

arcular  muscle 

Rabbit  colon  and  rectum 

1-30 

Relaxation 

longitudinal  muscle 

Rabbit  colon 

100-300 

Contraction— sometimes  biphasic  (that  is, 
relaxation  then  contraction) 

circular  muscle 

100-300 

Relaxatior. 

Guinea  pig  bladder 

02-10 

Contraction 

Guinea  pig  vas  deferens 

005-5 

Contmciion 

Guinea  pig  seminal  vesicle 

30-100 

Contraction 

Guinea  pig  trachea 

50-200 

Relaxation 

'  Intestinal  preparations  >\ere  as  segments  except  where  stated 


however,  on  the  effects  of  ATP  on  various  gut  segments  from  a  vancty  of  mammalian 
species  The  usual  effect  of  ATP  (I-I50  piM)  is  a  relaxation  (Table  1)  It  is  likely 
thu(  Ine  powerful  relaxations  that  are  seen  in  these  preparations  arc  the  result  of 
inhibition  of  the  longitudinal  muscle  layer.  It  is  well  established  that  ATP  causes 
relaxations  in  other  longitudinal  muscle  layers  associated  with  the  intestine,  for  ex¬ 
ample,  guinea  pig  taenia  coli  and  muscles  to  the  coccyx  (see  Maguire  and  Satchel!*) 
(Table  1) 

The  effects  of  ATP  in  preparations  of  esophagus,  stomach,  and  uterus  were  variable, 
depending  on  the  species  and  the  site  and  disposition  of  the  muscle  layer  (Table  1) 
(sec  also  Maguire  and  Satchcll*)  In  other  areas  of  the  unnogemtal  system  ATP  caused 
rapid  contractions,  and  its  actions  in  vas  deferens  and  bladder  have  been  widely 
studied  111  relation  to  the  concept  of  its  role  as  a  colraiismitler  with  norepmephnne 
in  sympathetic  nerve  terminals  *  The  effects  of  ATP  on  isolated  vas  deferens  and 
bladder  preparations  may  be  attenuated  by  tissue  barriers  limiting  access  to  the  smooth 
muscle  cells.  In  guinea  pig  bladder,  preparations  responded  with  contractions  over  a 
range  from  0  2  to  10  ATP  (Table  I )  In  the  guinea  pig  vas  deferens  preparation, 
responses  to  ATP  were  enhanced  by  dissecting  the  preparation  free  of  its  adventitial 
coat.  In  preparations  that  had  been  opened  by  a  longitudinal  cut  along  the  wall 
opposite  to  the  blood  vessels,  careful  removal  of  the  epithelium  and  the  underlying 
lamina  propria  provided  preparations  that  were  particularly  sensitive  to  ATP  They 
responded  to  threshold  concentrations  of 0  05  ;iM,  although  such  preparations  usually 
exhibited  a  decreased  force  of  contraction  due  to  dissection  procedures 
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Anclysis  of  the  Actions  of  ATP  on  Isolated  Taenia  Colt  Preparations 


Adoiosine  (2S  fxM)  caused  a  slowly  developing  relaxation  that  took  approximately 
30  sec  to  reach  maximum.  In  contrast  to  this,  ATP  (7  ;rM)  caused  a  relaxation  that 
was  much  more  rapid  in  onset,  taking  11  to  15  sec  to  reach  maximum  (Fig.  2).  The 
response  to  ATP  returned  tow*ard  the  haseline  even  while  ATP  was  in  the  bath,  but 
there  was  a  delay,  even  after  washout,  before  the  response  returned  to  baseline.  When 
dipyridamole  (I  /iM)  was  present,  the  initial  response  to  ATP  rOTiained  unchanged, 
but  the  delayed  relaxation  was  enhanced,  suggesting  that  the  delayed  component  of 
the  relaxation  could  be  due  to  adenosine.  In  smaller  baths  (that  is,  baths  reduced 
from  10  to  3  ml,  each  bath  containing  four  preparations),  the  delayed  component  of 
the  response  was  further  enhanced,  suggesting  a  further  accumulation  of  adenosine 
formed  by  the  breakdown  of  ATP.  When  the  preparations  were  placed  in  a  50-ml 
bath,  applied  ATP  stili  caused  a  markedly  delayed  relaxation  in  the  presence  of 
dipyridamole  (Fig.  2).  Presumably  (his  is  b^use  adenosine  formed  from  ATP  only 
partially  exchanged  with  the  bath  medium. 

To  further  elucidate  the  actions  of  ATP  on  guinea  pig  taenia  coli  prc'parations,  a 
strip  was  mounted  in  air  and  perfused  dropwise  with  Krebs  solution  ATP  (5  S  /iM) 
was  introduced  to  the  bath  and  allowed  to  perfuse  over  the  preparation  for  6  min 
This  perfusate  was  collected  and  stored,  and  in  the  interim  nonnal  Krebs  solution 
was  perfused  over  the  preparation  for  15  min  At  this  time  the  :>tored  perfusate  was 
reintroduced  to  the  preparation  and  reperfus^  over  the  surface.  During  the  tirst 
perfusion  ATP  induct  a  rapid  relaxation  This  relaxation,  however,  was  not  main¬ 
tained  over  the  6  min  allowed  for  the  perfusion  even  though  fresh  ATP  was  being 
supplied  by  the  perfusion  process.  'Hie  preparation  had  returned  almost  80%  of  the 
way  back  to  the  baseline  by  the  time  normal  Krebs  solution  was  restored  after  the  6 
min  (Fig  3)  When  the  collected  perfusate  was  reintroduced  to  the  preparation,  the 
pattern  of  the  relaxation  was  the  same  as  in  the  previous  perfusion  Clearly  no 
significant  breakdown  of  ATP  had  occurs  during  the  first  perfusion.  The  possibility 
remained  that  ATP  may  have  been  causing  autoinhibilion  or  tachyphylaxis  This 
seemed  unlikely,  however,  because  perfusion  with  the  more  stable  a, /3-methylene 
analogue  of  ATP  (henceforth  AOPCPOP)(3.5  fiM)  for  6  min  caused  a  relaxation 
that  was  sustained  over  the  6  mm  (Fic.  3)  The  differences  between  the  actions  of 
ATP  and  AOPCPOP  in  these  expenments  were  not  readily  explained.  One  possibility 
was  that  the  perfused  ATP  was  accumulating  metabolites  in  the  extracellular  space 
that  were  not  exchanging  readily  with  the  incoming  ATP  from  the  perfusate.  Also, 
It  seemed  that  the  concentration  of  metabolites  formed  would  need  to  be  small  relative 
to  the  total  perfused  ATP  because  stored  recycled  perfusate  was  as  effective  as  the 
initial  perfusate 


Minimal  Structural  Reguirements  for  Actions  at  Pi  Purmoceptors 


The  presence  of  a  5'-polyphosphatc  was  mandatory  for  actions  at  Pj  sites  There 
was  not  much  difference  in  potency  between  two  and  three  phosphates.  Four  phos¬ 
phates  were  more  active  than  three  in  causing  contraction  of  guinea  pig  vas  deferens 
stnps  (Fig.  4)  and  causing  relaxation  of  taenia  coli  stnps  (see  Satchell  and  Maguire^). 
Five  phosphates  in  the  form  of  a  diadenosine  pentaphosphate  were  most  potent  m 
contracting  and  causing  desensitization  of  guinea  pig  vas  deferens  stnps  ^ 
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m  a  3>mi  bath  and  a  SO-ml  bath  Ordinate  0  5  g,  abscissa  30  sec 
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FIGURE  3.  Left  panel  response  of  guinea  pig 
taenia  coli  strips  perfused  for  6  min  at  1  S  ml/ 
mm  with  Kf^  solution  containmg  ATP  (S  S 
/^M).  Tins  perfusate  was  collected  and  stored, 
then  reapplied  after  the  stnps  bad  been  perfused 
with  normal  Kr^  solution  for  15  min  Middle 
panel,  response  of  strips  after  reapplication  of 
the  perfusate.  Third  panel'  response  of  stni»  per* 
fus^  for  6  min  at  l.S  ml/min  with  Krdis  so* 
lution  containing  AOPCPOP  (3  5  |iM) 
Ordinate  0  5  g,  abscissa  6  min 


psfm  RErewATP 


Snmn 


AOPCPOP 


Earlier  studies  had  shown  that  changes  in  the  nbose  moiety  caused  a  small  decrease 
in  potency  or,  m  some  cases,  failed  to  cause  any  si^ifieant  decrease  in  potency  in 
taenia  coli  preparations.  Modifications  to  the  nbose  moiety  of  adenosine,  however, 
caused  a  marked  reduction  or  an  entire  loss  of  potency.’  Thus  the  nbose,  which  is  a 
central  and  integral  part  of  the  ATP  molecule,  may  be  changed  without  a  substantial 
loss  in  potency. 

The  6*amino  group  is  essential  for  actions  at  P2  receptors  because  ITP  and  GTP 
exhibited  reduced  activity  in  taenia  coh  stnps  *  GTP,  however,  was  found  to  be  more 
potent  than  ITP,’  suggesting  perhaps  that  the  2*amino  group  could  partially  make 
up  for  the  loss  of  the  6*amino  group,  at  least  at  p«  receptors  of  the  taenia  cell. 
Nevertheless,  Fedan  et  aL  ’  demonstrated  that  ITP  was  significantly  more  potent  than 
GTP  on  isolated  preparations  guinea  pig  vas  deferens  The  difference  in  potency  is 
perhaps  due  to  differences  in  requirements  for  binding  at  P,x  receptors  of  vas  deferens. 


fiM 

FIGURE  4.  Contractions  of  guinea  pig  vas  deferens  preparations,  induced  by  (he  following 
ATP  (#),  2-methylthio*ATP  (A),  2<hloro*ATP  (Q),  and  adenosine  tetraphosphatc  tncy* 
clohexyl  ammonium  salt  (O)  Each  point  is  the  mean  ±  SEM  of  at  least  six  values  from  at 
least  two  preparations  and  is  expressed  as  a  percentage  of  the  maximum  response  to  ATP 
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Effects  of  ATP  Analogues  on  Isolated  Preparations  of  Taenia  Colt  and  Vas 
Deferens  of  Guinea  Pig 


The  taenia  coil  and  vas  deferens  preparations  are  reported  to  contain  Pjy  and  Pjx 
purinoccptor  subtypes,  respectively.*  These  preparations  were  selected  for  the  study 
of  the  actions  of  four  analogues  of  ATP  that  had  proved  to  be  of  considerable  value 
in  differentiating  agonist  properties  at  P|  and  Pj  purinoceptors  * 

In  taenia  coli  preparations  all  four  analogues  were  potent  m  causing  relaxations 
2'-Dcoxy-ATP,  8*bromo-ATP,  and  ara-ATP  ail  produced  concentration-response 
curves  that  were  for  the  most  part  to  the  right  of  the  concentration-response  curves 


a  c 


}IM 


FIGURE  5.  Relaxations  of  the  guinea  pig  taenia  coli  preparations,  induced  by  the  following 
(a)  ATP  (•)  and  2'-deoxy-ATP  (■),  (b)  ATP  (•)  and  8-bromo-ATP  (O),  (c)  ATP  (•) 
and  3'-deoxy-ATP  (Q),  (d)  ATP  (#)  and  ara*ATP  (A)  Each  point  is  the  mean  ±  SEM  of 
at  least  six  values  obtained  from  at  least  (wo  preparations  and  is  expressed  as  a  percentage  of 
the  maximum  response  to  ATP 


for  ATP.  The  curve  for  S'-dcoxy-ATP  was  also  to  the  nght  of  the  curve  for  ATP, 
but  the  displacement  was  significant  (Fic.  5).  In  vas  deferens  preparations  ara-ATP 
and  3'-deoxy-ATP  exhibited  a  considerably  greater  potency  than  ATP  in  causing 
contraction,  and  their  curves  were  placed  well  to  the  left  of  the  curves  for  ATP  (Fig. 
6).  These  results  are  only  in  partial  agreement  with  earlier  studies  by  Fedan  et  a/.,’ 
who  observed  some  displacement  to  the  left  of  (he  curves  for  ara-ATP  and  3'-deoxy- 
ATP  in  their  central  regions  while  the  curves  of  the  lower  and  higher  concentrations 
were  the  same,  or  to  the  nght  of  the  curves  for  ATP  2'-Deoxy-ATP  exhibited  little 
potency,  and  its  curve  was  placed  far  to  the  nght.  8-Bromo-ATP  exhibited  a  concen¬ 
tration-response  curve  that  was  similar  to  (hat  of  ATP,  as  in  the  taenia  coh  study 
(Fig  5) 
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The  above  results  demonstrated  that  there  was  a  considerable  variation  m  the 
potencies  of  the  analogues,  relative  to  ATP,  between  the  two  preparations  studied.  A 
further  insight  into  the  significance  of  these  results  was  obtained  from  studies  of  the 
same  four  analogues  in  causing  contractions  of  rat  portal  vein  and  rabbit  femoral 
artery  spiral  stnps  (presumably  by  acting  on  Pjx  receptors)  and  in  causing  relaxation 
of  rabbit  portal  vein.* 

The  potencies  of  the  four  analogues  relative  to  ATP  in  the  taenia  coli  study  were 
the  same  for  relaxations  of  rabbit  portal  vein,  except  for  ara-ATP,  the  curve  for  which 
was  significantly  displaced  to  the  right  of  that  for  ATP  in  rabbit  portal  vein  (Table 
2)* 

In  rabbit  femoral  artery  and  rat  portal  vein  the  potencies  of  all  four  analogues 
relative  to  ATP  in  causing  contractions*  were  similar  to  those  obtained  in  the  vas 
deferens  (Table  2) 

Although  the  four  analogues  studied  vaned  considerably  in  the  potencies  relative 
to  ATP,  a  consistent  pattern  of  their  actions  was  observed— on  one  hand  in  prepa* 
rations  that  contracted  in  response  to  ATP,  and  on  the  other  hand  in  preparations 
that  relaxed  in  response  to  ATP.  The  results  support  the  concept*  of  different  P2 
receptor  subtypes  mediating  contraction  and  relaxation  Further  studies  are  necessary, 
including  the  use  of  desensitizing  analogues  and  receptor  blocking  drugs  to  further 
evaluate  this  view. 


FIGURE  6.  Contractions  of  guinea  pig  vas  deferens  preparations,  induced  by  the  following  (a) 
ATP  (O)  and  ara-ATP  (A),  (b)  ATP  (O)  and  3'-deoxy.ATP  (□),  (c)  ATP  (O)  and  2'- 
deoxy-ATP  ( ■ ).  (d)  ATP  ( O )  and  $-bromo-ATP  (•).  point  is  the  mean  t  SEM  of  at 
least  SIX  values  from  at  least  two  preparations  and  1$  expressed  as  a  percentage  of  the  maximum 
response  to  ATP 
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TABLE  2.  Potency  of  Analogues  Relative  to  ATP 


Ara-ATP 

3'-Deoxy-ATP 

2'.Dcoxy-ATP 

8*Bromo-ATP 

Relaxations/ 

Guinea  pig 
taenia  coli 

< 

Relaxations/ 

Rabbit  portal 
vein* 

< 

< 

Contractions/ 
Guinea  pig  vas 
deferens 

>  > 

>  > 

<  < 

Contractions/Rat 
portal  vein’ 

>  > 

>  > 

< 

S3 

Contractions/ 

Rabbit  femoral 
artery’ 

>  > 

>  > 

<  < 

s 

Further  Studies  on  Preparations  of  Vas  Deferens  of  Guinea  Ptg 


Three  further  analogues  were  found  to  be  more  potent  than  ATP  in  causing 
contraction  of  guinea  pig  vas  deferens  preparations.  2*MethyIthio-ATP,  which  in  an 
earlier  study  had  been  considered  to  be  equipotent  with  ATP»^  was  found  to  exhibit 
a  significantly  greater  potency  than  ATP  (Fio.  4).  2*Chloro«ATP  also  exhibited  a 
high  potency  in  contracting  the  vas  deferens.  Aden^ine  tetraphosphate  was  the  most 
potent  of  the  three  analogues  studied,  and  its  curve  was  displaced  to  the  left  of  that 
for  ATP  by  more  than  one  order  of  magnitude  (Fig.  4).  The  ammonium  salt  of 
adenosine  tetraphosphate  was  more  potent  than  the  sodium  salt  (results  not  shown) 
The  ammonium  salt,  but  not  the  sodium  salt,  caused  marked  desensitization  in  vas 
deferens  preparations.  This  finding  is  consistent  with  the  recent  findings  of  Mackenzie 
et  al  on  other  extended  phosphate  chain  analogues.^ 


Actions  of  ATP  and  Related  Analogues  on  Airway  Smooth  Muscle 


ATP  and  adenosine  were  equally  effective  m  causing  relaxation  of  the  guinea  pig 
trachealis  muscle.  The  responses  were  potentiated  equally  by  dipyridamole,  the  aden* 
osine  transport  inhibitor,  suggesting  that  the  actions  of  ATP  were  due  at  least  in  part 
to  rapidly  formed  adenosine  Analogues  of  ATP  resistant  to  metabolic  degradation 
were  inactive  m  this  preparation,  suggesting  that  receptors  for  ATP  were  absent  and 
that  ATP  elicits  its  responses  entirely  by  rapid  formation  of  adenosine. 

Recent  studies  on  penpheral  airway  smooth  muscle  have  shown  that  stnps  of  lung 
parenchyma  contract  in  response  to  ATP  (100-1000  jiM)  They  also  exhibit  weak 
contractions  in  response  to  adenosine  (200- 1000  ^M)  Analogues  of  ATP  were  much 
more  potent.  Adenosine  tetraphosphate  (50-200  |iM)  elicited  substantially  greater 
contractions,  as  did  2'methylthio-ATP,  which  exhibit^  powerful  contractions  even 
at  0  1  fiM  (Fig.  7). 
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Further  studies  arc  necessary  to  charactenze  the  receptor  at  this  site.  Moreover, 
expenments  should  be  carried  out  on  the  smooth  muscle  of  the  fine  airways.  For 
example,  one  could  look  for  the  presence  of  receptors  at  different  bronchioles. 
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FIGURE  7.  Contraction  of  strips  of  guinea  pig  lung  parenchyma  induced  by  the  following- 
adenosine  (0)>  ATP  (•).  adenosine  (etraphosphate  tncyclohexyl  ammonium  salt  (□)>  car* 
bachol  ( ■ ),  and  2-methylthiO'ATP  (A)  Each  point  is  the  mean  ±  SEM  of  at  least  five  values 
from  at  least  two  preparations  and  is  expressed  as  a  percentage  of  the  contraction  induced  by 
Krebs  solution  containing  50  mM  KCl 
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INTRODUCnON 


Pulmonary  surfactant  that  contains  ooth  lipids  and  proteins  is  synthesized,  stored 
as  lamellar  b^ies,  and  secreted  by  alveolar  type  II  cclls.''^  Surfactant  maintains  the 
stability  of  the  alveolus,  insuring  normal  ventilation  and  gas  exchange  by  the  lungs 
Inability  to  synthesize  and  secrete  surfactant  leads  to  hypoxemia  and  hypoventilation 
in  certain  clinical  conditions  like  respiratory  distress  syndrome  of  the  premature 
neonate  and  adult  respiratory  distress  syndrome.  Although  the  type  II  cell  of  the  lung 
is  known  to  be  responsible  for  synthesis  and  secretion  of  surfactant,  the  mechanisms 
regulating  these  processes  are  less  well  understood 

Secretion  of  surfactant  from  alveolar  type  II  cells  is  being  actively  studied  m  many 
laboratories  and  is  known  to  be  augmented  by  agents  affecting  cAMP  levels 
adrenoceptor  agonists,*  ‘  cholera  toxin,*  and  forskolin*),  prostaglandins,’  protein  kinase 
C  agonists  (phorbol  esters''*),  agents  that  mobilize  cytosolic  calcium  (A23i87"  and 
lonomycin  '^),  and  agents  that  alter  cytoskeletal  associations  (cytochalasins'*).  One  of 
the  most  potent  agonists  for  surfactant  secretion  identified  to  date  is  exogenous  ATP, 
which  results  in  a  three-  to  sixfold  stimulation  of  surfactant  secretion  in  vitro.'*"'''  In 
the  present  work,  the  punnoceptor  regulating  surfactant  secretion  is  charactenzed 
and  the  possible  second  messenger  systems  involved  in  regulation  of  punnoceptor- 
mediated  surfacta  it  secretion  are  c^ribed. 


MATERIALS  AND  METHODS 

iXfaterials 

Methyl{*H]cho]ine  chlonde,  dipaImitoyl['*C)pho$phatidyIchohne,  [*H]phorbo!- 
12,13'dibutyrate  ([  *H]PDBu),  and  the  radioimmunoassay  kit  for  6-keto-pro$taglandin 

‘'This  work  was  supported  by  Grant  HL38764  from  the  National  Institutes  of  Health 
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Fj,  (6-kcto-PGF,«)  were  purchased  from  New  England  Nuclear  (Boston,  MA).  Chlo¬ 
roform,  methanol,  and  scintillation  fluid  were  from  Fisher  (Cincinnati,  OH)  Sphin- 
gosine,  a, /5-methylene  adenosine  5'-triphosphate  (AMPCPP),  ^.y-methylene 
adenosine  5'-tnphosphatc  (AMPPCP),  and  reactive  blue  2  were  obtained  from  Sigma 
(St.  Louis,  MO).  Bis-(2-amino-5-methylphenoxy)ethane-/V,A^,  A’.A'-tctraacetic  acid  te- 
traacetoxymethyl  ester  (MAPTAM)  was  from  Calbiochem  Behring  (La  Jolla,  CA). 
Egg  phosphatidylcholine  was  from  Avanti  Polar  Lipids  ( Birmingham,  AL).  Adenosine 
5'-0-(3-thiotnphosphate)  (yS-ATP)  and  /3,y-imidoadenosine  5'-triphosphate 
(AMPPNP)  were  from  Boehnnger  Mannheim  Btochemicals  (Indianapolis,  IN) 
Elastase  was  obtained  from  Cooper  Btomedicals  (Malvern,  PA),  and  l-[2,lS'Carbox- 
yoxazol-2-yl)-6-aminobenzo-furan-5-oxy)-2-(2'-amino-5'-methylphenoxy)-ethane- 
A',A’',/V’-tetraacetic  acid  methyl  ester  (fura-2-AM)  was  from  Molecular  Probes  (Eu¬ 
gene,  OR) 


Animals 


Pathogen-free,  male  Sprague-Dawlcy  rats  (200-250 g)  were  obtained  from  Charles 
River  (Wilmington,  MA) 


Isolation  and  Culture  of  Type  II  Cells 


Type  II  cells  were  isolated  from  lungs  by  methodology  previously  described 
Bnefly,  type  II  cells  were  obtained  following  elastase  digestion  of  rat  lungs  and  panning 
cells  on  petn  dishes  coated  with  immunoglobulin  G.  This  procedure  is  readily  repro¬ 
duced  and  routinely  yields  90%  viable  type  11  cells. 


Secretion  of  Phosphattdylcholme 


Secretion  of  phosphatidylcholine  by  cultured  type  II  cells  was  determined  as 
previously  desenbed.**  Cells  were  incubated  ovcmjght  with  1  pCi  [^Hjcholine/ 
500,000  cells/ml,  and  after  this  incubation  were  washed  three  times  with  media.  The 
cells  were  allowed  to  equilibrate  for  30  mm,  agents  were  added,  and  the 
(^Hjphosphatidylcholine  released  was  determined  by  aspirating  the  medium,  washing 
the  cells  with  fresh  medium,  and  counting  the  disintegrations  per  minute  (dpm)  in 
cells  and  medium  in  a  /5-scintillation  counter.  [’HJPhosphatidylcholine  release  was 
expressi'd  as  (dpm  in  medium/dpm  in  cells  +  dpm  in  medium)  X  100%.  Lactate 
dehydrogenase  activity  was  determined  in  each  sample  as  a  measure  of  cytotoxicity 


Mobilization  of  Intracellular  Calcium 


Intracellular  calcium  concentrations  were  determined  by  a  method  published  pre¬ 
viously."  Fresh  type  II  cells  or  cells  that  had  plated  down  overnight  were  loaded  for 
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10  mm  with  5  fiM  fura-2-AM,  centnfuged,  and  resuspended  m  fresh  medium  for  an 
additional  10-min  penod  at  37  ‘C.  Loaded  cells  were  then  washed  three  times  with 
ice-cold  medium  and  stored  on  ice  prior  to  use  Fluorescence  was  monitored  utilizing 
an  excitation  wavelength  of  339  nm  and  an  emission  wavelength  of  500  nm. 


6-KetO'PGF,^  Determination 


Concentrations  of  6-ketO‘PGF,4,  in  cells  or  media  were  determined  using  a  com¬ 
mercially  available  radioimmunoassay  kit  and  the  instructions  provided  Results  are 
express^  as  percentages  of  the  control  level. 


f^HJPDBu  Binding  to  Intact  Cells 


Type  II  cells  were  plated  down  overnight  in  24-wcH  plates  (approximately  1  X 
10‘  cells/well)  as  previously  described.'*  Cells  were  washed  and  incubated  for  30  min 
at  37  *C  with  fresh  medium  At  the  end  of  this  time,  medium  was  removed  and 
replaced  with  fresh  medium  containing  20  nM  [’H)PDBu  for  5  min  at  37  *C  as 
previously  described.”  Agents  were  then  added  for  5  min,  after  which  cells  were 
rapidly  washed  with  fresh  medium  and  counts  extracted  with  0.5  ml  of  1  N  sodium 
hydroxide  Nonspeciiic  binding  was  determined  in  the  presence  of  10  PDBu 
Binding  was  expressed  relative  to  control  binding,  which  was  subtracted  from  ail 
values  shown 


Statistical  Analyses 


Analysis  of  vanance  for  both  parametnc  and  nonparametne  data  was  performed 
on  a  microcomputer  using  commercially  available  statistical  packages  Each  value  was 
expressed  as  a  mean  ±  SEM  for  three  to  six  experiments,  each  in  tnplicate,  and  p 
<  05  was  utilized  to  assess  statistical  significance 


RESULTS 


ATP  and  ATP  analogues  were  examined  for  their  ability  to  stimulate  surfactant 
phospholipid  secretion  ATP,  the  most  potent  analogue  examined  (Fig  1 ),  stimulated 
( ^Hjphosphatidylciiolme  secretion  in  a  dose-dependent  fashion.  ADP  also  stimulated 
( ^Hiphosphatidylcholine  secretion  in  a  dose-dependent  manner,  whereas  AMP  and 
adenosine  did  not  have  significant  effects  on  surfactant  phospholipid  secretion  The 
rank  order  of  agonist  potency  is  consistent  with  a  P,-punnoceptor  mediating  surfactant 
phosphatidylcholine  secretion.  Other  ATP  analogues  were  also  examined  for  an  effect 
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on  [^H]phosphatidylcholine  secretion  (Fig  2A).  Methylene  analogues  of  ATP  were 
less  potent  at  stimulating  surfactant  phospholipid  secretion  than  ATP,  consistent  with 
a  P2Y-purinoccptor  mediating  the  secretory  effect.  In  support  of  this  hypothesis,  reactive 
blue  2  also  selectively  inh»bitcd  ATP-stimulatcd  phospholipid  secretion  (Fig.  3) 
Reactive  blue  2  inhibited  ATP*induced  surfactant  phospholipid  secretion  in  a  dose- 
dependent  fashion,  but  was  without  effect  on  /3-adrenoceptor-induced  surfactant  phos- 
phohpid  secretion. 

Several  second  messenger  systems  are  activated  m  type  II  cells  following  agonist 
binding  Calcium  is  mobilized  from  an  intracellular  compartment  in  a  dose-dependent 
fashion,  and  the  dose  response  for  calcium  mobilization  is  similar  to  the  dose  response 
for  ATP-induced  surfactant  phospholipid  secretion,  the  EC50  (concentration  producing 


(Analogue,  pM] 

FIGURE  1.  Effect  of  ATP,  ADP,  AMP,  and  adenosine  on  ( ’HJphosphalidylcholme  (tTl)PC) 
release.  Type  II  cells  were  exposed  to  ATP  (A),  ADP  (B),  AMP  (C),  or  adenosine  (D)  for  3 
hr  at  the  indicated  concentrations  Release  of  (TllPC  was  then  determined  and  expressed  as 
stated  in  the  methods  section  Data  are  shown  for  four  expenmenls  Both  ATP  and  ADP 
significantly  stimulated  ( ’H]PC  secretion 


one-half  the  maximal  response)  in  each  case  being  2  (Fig  4)  However,  using 
'APTAM  that  was  trapped  in  the  intracellular  compartment  as  a  calcium  chelator, 
w;  were  able  to  block  calcium  mobilization  in  a  dose-dependent  fashion  without 
affecting  ATP-induced  surfactant  secretion  (Fig  5),  arguing  against  a  role  for  calcium 
mobilization  in  regulation  of  ATP-induced  surfactant  secretion. 

Because  Pj-punnoceptors  are  known  to  be  coupled  to  phospholipase  A^  and  pros¬ 
tacyclin  production  m  other  systems,”’”  and  because  prostaglandins  have  been  reported 
to  augment  surfactant  secretion,’  we  next  examined  whether  prostaglandins  mediate 
ATP-induced  surfactant  phospholipid  secretion  The  dose  response  for  prostacyclin 
production  (measured  as  the  stable  prostacyclin  metabolite,  6-keto-PGF|„)  was  similar 
to  the  dose  response  for  ATP-induced  surfactant  secretion  (Fig  4)  We  attempted 
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eontr«l  ATP  v*- ATP  AMPPMP  AMPPCP  AMPCPP 


AT#  V«-AT#  AUTTM#  AM##C#  AM#0## 


FIGURE  2.  Effect  of  ATP  and  ATP  analogues  on  (’HJPC  secretion  and  {’HJPDBu  binding 
by  isolated  type  II  ceils.  Type  II  cells  were  exposed  to  ATP  or  the  indicated  analogues  ( 10  pM) 
for  3  hr  (A)  or  5  min  (B),  and  { ’HjPC  released  (A)  or  { 'HJPDBu  bound  (B),  determined  as 
stated  in  the  methods  section  The  analogues  utilized  were  adenoune  $''0-(3>thiotnphosphate) 
(yS-ATP),  ^,y-im«doadenosine  5'-tnphosphate  (AMPPNP),  a,/5*methylcne  adenosine  S'-tn* 
phosphate  (AMPCPP),  and  /?,y*methylene  adenosine  $'*tnphosphaie  (AMPPCP)  Data  arc 
shown  from  four  to  six  experiments 

to  block  ATP-induced  surfactant  phospholipid  secretion  with  the  prostaglandin  syn* 
thesis  inhibitor,  indomethacin  (Fic  6)  Although  mdomethacin  effectively  blocked 
production  of  6*keto*PGF,^,  it  was  without  effect  on  surfactant  phospholipid  secretion, 
arguing  against  a  role  for  prostacyclin  in  regulating  ATP^mdut^d  surfactant  secretion 
We  next  examined  whether  protcir  kinase  C  might  mediate  ATP-induccd  surfac¬ 
tant  phospholipid  secretion  and  examined  protein  kinase  C  activation  by  following 
PDBu  binding  in  intact  cells  This  method  was  chosen  because  it  does  not  involve 
fractionation  of  cells  and  therefore  allows  an  examination  of  C  kinase  translocation 


FIGURE  3.  Inhibition  of  punnocep* 
tOMnduced  (’H]PC  secretion  by  re¬ 
active  blue  2  Type  II  cells  were  ^ 

exposed  to  ATP  (10  A)  or  ter-  S 

butahne  (10  ^M,  B)  for  3  hr  in  the  ~ 
presence  or  absence  of  the  indicated  ® 
concentrations  of  reactive  blue  2,  and  o 
the  ( *H]PC  released  was  determined  i 
as  stated  in  the  methods  section  Data  ^ 
ar^,  shown  from  four  to  six  expen*  / 
ments,  each  m  tnplicate  Reactive 
blue  2  significantly  inhibited  the  pur* 
inoccptoMnduced,  but  not  the  adren- 
oceptor-induced  {’HJPC  secretion 


I  10  100 

{Reactive  Blue  2,  yM] 
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FIGURE  4.  Effect  of  ATP  on  phosphatidylcbohne  secretion,  calcium  mobilization,  [  ^H]PDBu 
binding,  and  prostacyclin  production  in  isolated  type  II  cells  Type  II  cells  were  exposed  to  the 
indicated  concentrations  of  ATP  for  3  hr  (A),  30  min  (B),  10  sec  (C),  or  5  min  (D),  and  then 
the  I  ’HIPC  released  (A).  6-keto-PGFu  <B).  peak  (Ca**  J.  (C).  or  I  ’HJPDBu  bound  (D)  was 
determined  ATP  had  a  statistically  significant  dose-dep^ent  effect  in  each  case.  Data  are 
shown  from  four  or  five  experiments 


FIGURE  5.  Effect  of  MAPTAM  on  ATP*induced  [  ’H)PC  secretion  and  calcium  mobilization 
Isolated  type  II  cells  were  incubated  with  the  indicat^  concentrations  of  MAPTAM  for  30 
min  Cells  were  then  exposed  to  ATP  (10  pM),  and  calaum  mobilization  (A)  or  the  amount 
of  [’H]PC  released  (B)  was  determined  Data  are  shown  from  six  experiments  MAPTAM  had 
no  effect  on  ATP-induced  [  'H]PC  released,  but  significantly  inhibited  calcium  mobilization  The 
basal  calcium  concentration  in  control  cells  was  150  ±  20  nM.  and  MAPTAM  did  not  affect 
the  basal  calcum  concentration 
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in  intact  cells.'*  We  found  the  dose  response  for  PDBu  binding  to  be  analogous  to 
the  dose  response  for  ATP-induced  suifactant  secretion  (Fig  4),  the  EQ,  m  each 
case  being  approximately  2  ^M.  We  next  attempted  to  block  surfactant  phospholipid 
secretion  with  the  protdn  kinase  C  inhibitor,  sphingosine.  In  this  case,  the  dose 
response  for  inhibition  of  C  kinase  translocation  was  similar  to  the  dose  response  for 
inhibition  of  surfactant  phosphohpid  secretion  (Fig.  7).  In  each  case,  the  IQo  (con¬ 
centration  produdng  one-half  the  maximal  inhibition)  was  S-10  ^M.  We  also  ex¬ 
amined  the  effect  of  various  ATP  analogues  on  PDBu  binding  by  type  II  cells  (Fig. 
2B)  and  found  the  rank  order  of  agonist  potency  for  [  *H]phosphatidylcholine  secretion 
was  the  same  as  the  rank  order  for  (’H]PDBu  binding.  These  data  support  a  role  for 
protem  kinase  C  as  a  mediator  of  Pj-purinoceptor-induced  surfactant  phospholipid 
secretion 


FIGURE  6.  Effect  of  indomethacin  and  ATP  on  6-keto-PGF,„  production  and  ( 'HIPC  release 
by  type  II  cells  Type  II  cells  were  exposed  to  buffer,  ATP  (10  fiM),  indomethacin  (20  pM), 
or  both  agents  Determinations  were  then  made  for  tS-keto-PGF,,  levels  after  30  min  (A)  or  for 
('HIPC  released  after  3  hr  (B)  Indomethacin  significantly  inhibited  6-keto-PGF,,  production 
by  type  11  cells,  but  had  no  effect  on  ATP-induc^  ('HJPC  release  Data  arc  shown  from  four 
to  SIX  experiments 


DISCUSSION 


ATP  1$  the  most  potent  endogenous  stimulus  for  surfactant  phospholipid  secretion 
from  alveolar  type  II  cells  identified  to  date  The  punnoceptor  responsible  for 
mediating  this  process  appears  to  belong  to  the  P.V  subclass  for  the  following  reasons 

1  The  rank  order  of  agonist  potency  is  ATP  >  ADP  >  AMP  =  adenosine. 

2.  Methylene  analogues  of  ATP  arc  less  potent  secretagogues  than  ATP  itself 
3  Reactive  blue  2  inhibits  ATP-mdured  surfactant  phospholipid  secretion  in  a 
dose-dependent  fashion 


Multiple  second  messenger  systems  are  activated  following  binding  of  ATP  to  the 
alveolar  type  11  cell  (Fig  8).  Of  these  second  messengers,  protein  kinase  C  appears 
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(Sphitigosine,  |>M] 

FIGURE?.  T1i«  effect  of  sphingosme  on  ATP*tnduced  (*H]PDBu  binding  and  [’H]PC  release. 
Type  11  cells  nere  exposed  to  the  indicated  concentrations  of  sphmgosine,  and  [  ^H]PDBu  binding 
was  determined  after  5  min  (A),  or  the  amount  of  ( ^H)PC  released  was  determined  aBer  3  hr 
(B)  following  exposure  to  ATP  (10  fiM)  Sphingosine  si^ihcantly  inhibited  both  pH]PDBu 
binding  and  ( ’HjPC  released  The  in  each  case  was  S-IO  ^M. 


to  mediate  the  signal  responsible  for  secretion  of  phospholipid  Although  receptor 
occupancy  also  resulted  in  calcium  mobilization  and  prostacyclin  production,  we  were 
able  to  block  both  calcium  mobilization  and  prostacyclin  pr^uction  without  affecting 
surfactant  phospholipid  secretion.  On  the  other  hand,  both  surfactant  phospholipid 
secretion  and  protein  kinase  C  translocation  were  blocked  by  the  protein  kinase  C 
inhibitor,  sphingosine,  with  similar  !Qo  values  (5'10  fiM).  In  addition,  the  dose 
response  for  ATP^iaduced  C  kinase  activation  and  (^H)pho$phatidylcholine  secretion 
were  similar  (ECjo  =  2  pM),  and  the  rank  order  of  agonist  potency  among  various 
ATP  analogues  was  the  same  as  that  for  ATP*induccd  {^HJphosphatidylcholine  se¬ 
cretion  and  ( ^H]PDBu  binding  by  type  II  oelk  Previous  work  with  the  phorbol  ester, 


r 


a 


FIGURE  8.  Schematic  representation  of  Piv-punnoceptor  coupling  to  second  messenger  gen¬ 
eration  Abbreviations  IPj  inositol  l,4,5-ln$phosphate,  DAG  diaylglycerol,  C  kinase,  calcium- 
and  phospholipid-dependent  protein  kinase  The  scheme  is  adapi^  from  reference  18  and  ref¬ 
erences  23-30 
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TPA,  suggested  a  role  for  protein  kinase  C  in  regulation  of  surfactant  secretion  “  and 
the  present  data  are  consistent  with  that  hypothesis 

Although  the  present  work  suggests  that  protein  kinase  C  plays  a  prominent  role 
in  mediating  ATP*mduced  surfactant  secretion,  other  second  messengers  are  also 
generated  following  binding  of  ATP  to  the  Piy-purinoceptor.  This  may  indicate  cou* 
pling  of  the  PjY-purinoceptor  to  effector  phospholipases  by  multiple  G  proteins  (Fig. 
8).  Prostacyclin  production  in  response  to  exogenous  ATP  has  previously  been  reported 
in  adrenal  medullary  endothelial  cells^and  porcine  endothelial  cells  Prostacyclin 
production  may  result  from  direct  activation  of  phospholipase  by  the  G-protcin- 

coupled  P2y-punnoccptor  or  occur  indirectly  following  mobilization  of  intracellular 
calcium  and  subsequent  phospholipase  A,  activation.**^*  Other  G  proteins  may  couple 
purinoceptors  to  phospholipase  C  resulting  inositol  tnsphosphate  and  diacylglycerol 
production  with  subsequent  C  kinase  activation***”  whereas  another  G  protein  may 
activate  phospholipase  D  and  generate  diacylglycerol  from  phosphatidylcholine 
(Fig  8)" 

The  role  of  these  other  second  messengers  in  type  II  cell  function  is  unclear.  Local 
production  of  prostaglandins  in  response  to  ATP  may  mediate  airway  reactivity  or 
vascular  permeability  in  the  area  of  the  alveolus  Mobilization  of  calcium  along  with 
protein  kinase  C  activation  may  mediate  gene  transcription  in  the  type  II  cell  and 
thus  control  growth  or  differentiation  m  this  progenitor  cell  for  the  alveolar  lining 
during  penods  of  lung  growth  m  the  fetus  or  following  ceil  damage  after  exposure  to 
environmental  toxins.  In  support  of  this  hypothesis,  exogenous  ATP  was  recently 
reported  to  function  as  a  mitogen  m  3T3,  3T6,  and  A431  cell  lines*'  The  source  of 
ATP  that  could  provide  such  growth  regulation  is  unclear,  but  it  is  possible  extra* 
cellular  ATP  may  soon  be  added  to  the  growing  list  of  growth  factors  whose  signals 
are  transduced  to  the  nucleus  via  calcium  and  protein  kinase  C 

In  summary,  these  data  are  consistent  with  protein  kinase  C  playing  a  major  role 
in  regulation  of  punnoceptor*induced  surfactant  phospholipid  secretion  from  the  al* 
veolar  type  II  cell  Further  work  designed  to  identify  substrates  for  protein  kinase  C 
m  the  type  II  cell  should  help  unmvel  the  mystery  of  how  phospholipid  secretion  is 
controlled  by  the  cell.  Although  ATP  has  been  identified  m  the  airways  in  concen¬ 
trations  sufficient  to  cause  surfactant  phospholipid  secretion  m  vitro,  the  source  of 
ATP  remains  unclear,  and  it  remains  to  be  determined  whether  ATP  plays  a  similar 
role  in  vivo.  ** 


SUMMARY 


Extracellular  ATP  is  the  most  potent  endogenous  stimulus  for  surfactant  phos* 
pholipid  secretion  from  alveolar  type  II  cells  identified  to  date  This  effect  of  ATP 
appears  mediated  via  a  Pj-purmoceptor  because  the  rank  order  of  agonist  potency  is 
ATP  >  ADP  >  AMP  =  adenosine  Examination  of  other  ATP  analogues  dem¬ 
onstrates  a  rank  order  of  agonist  potency  of  ATP  =  yS-ATP  >  AMPPNP  > 
AMPPCP  >  AMPCPP  for  surfactant  secretion,  consistent  with  a  P.Y-punnoceptor 
mediating  this  effect  This  hypothesis  is  further  supported  by  expenments  with  reactive 
blue  2,  which  selectively  inhibits  ATP-stimulat^  surfactant  phospholipid  secretion 
and  has  been  purported  as  a  specific  inhibitor  at  Pjy-punnoceptors 

Several  second  messenger  systems  are  activated  in  the  type  II  cell  following  agonist 
binding  intracellular  Ca**  is  mobilized,  prostaglandin  levels  increase,  and  protein 


RICE;  SURFACTANT  SECRETION 


73 


kinase  C  is  activated.  Of  these  thr«  second  messengers,  protein  kinase  C  appears  to 
be  the  most  important  for  surfactant  secretion  because  inhibition  of  protein  kinase  C 
activation  blocks  ATP-induced  surfactant  s^retion  whereas  inhibition  of  Ca^"*^  mo¬ 
bilization  and  prostaglandin  production  does  not  affect  ATP-induced  surfactant  se¬ 
cretion 
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DISCUSSION  OF  THE  PAPER 


S  C  SlLVERSTEiN  {Columbia  University,  New  York,  NY)'  Have  you  tned  to 
potentiate  surfactant  secretion  in  vivo  by  placing  ATP  into  the  bronchial  tree? 

Rice*  We  have  not,  although  we  plan  to  perform  such  experiments  in  an  animal 
model. 

J  S.  Davidson  {University  of  Cape  Town  Medical  School,  Cape  Town,  South 
Africa)'  I  believe  your  experiments  with  the  intracellular  calcium  chelator  are  incon¬ 
clusive.  The  reason  is  that  exocytosis  is  tnggered  by  a  nse  in  calcium  in  a  narrow 
zone  immediately  beneath  the  plasma  membrane.  This  zone  may  not  contribute  much 
to  the  Fura-2  signal  observed  Thus,  although  the  apparent  nse  m  cytosol  calcium 
may  have  been  dampened,  there  may  well  have  been  elevated  calcium  levels  at  the 
exocytotic  site  beneath  the  plasma  membrane,  and  these  elevated  calcium  levels  may 
have  been  sufficient  to  swamp  the  chelator. 

Rice*  Although  that  is  possible,  we  have  also  performed  experiments  in  the  presence 
of  extracellular  EGTA.  Extracellular  EGTA  would  inhibit  a  calcium  nse  in  the  narrow 
band  beneath  the  plasma  membrane  as  well,  and  under  these  conditions,  phospholipid 
secretion  in  response  to  ATP,  TPA  (12-(7-tetrad^noy]phorbol  13-acetate),  and  ter- 
butalme  still  occurs  in  a  normal  fashion,  consistent  with  the  hypothesis  that  calcium 
mobilization  is  not  necessary  for  ATP-induced  surfactant  phospholipid  secretion 

F.  Di  ViRGiLlo  {Institute  of  General  Pathology.  Padua,  Italy)'  Sphingosme  is  not 
only  an  inhibitor  of  PKC  (protein  kmase  C)  but  is  also  a  damaging  agent  to  several 
cell  types  Have  you  tned  PKC  down-regulation  as  an  alternative  to  probe  the  hy¬ 
pothesis  that  ATP  causes  activation  of  PKC? 

Rice.  We  are  at  present  conducting  such  experiments  utilizing  TPA  treatment  to 
down-regulate  type  II  cell  C  kinase  The  effect  of  sphingosme  m  our  system  does  not 
appear  to  be  due  to  cytotoxicity  because  lactate  dehydrogenase  release  is  not  different 
in  the  presence  or  absence  of  sphingosme,  and  because  terbutaline-induced  surfactant 
phospholipid  secretion  is  unaffected  by  the  same  dose  of  sphingosine. 

1  L  O.  Buxton  {University  of  Nevada  School  of  Medicine,  Reno.  NV)'  Dr.  Rice, 
I  believe  that  PAF  (platelet-activating  factor)  release  is  associated  with  the  appearance 
of  surfactant  in  the  fetal  lung  Is  it  possible  then  that  me  ongin  of  ATP  m  this  case 
IS  the  blood  platelet'^ 

Rice:  Although  the  PAF  may  come  from  platelets,  there  may  also  be  lung  cells 
that  produce  PAF  or  a  PAF-immunoreactive  molecule.  The  source  of  bronchoalveolar 
lavage  ATP  is  unknown  at  present,  although  platelets  would  be  one  possible  source 

A.  S.  Dahms  {San  Diego  State  University,  San  Diego,  CA)-  Do  the  4-alpha  phorbol 
esters  (which  do  not  afiect  protein  kinase  C)  have  any  effect  on  surfactant  secretion? 

Rice  We  have  examined  4-alpha  phorbol  esters  for  an  effect,  and  they  do  not 
affect  surfactant  secretion  at  the  concentrations  examined  (<  10  /xM)  Bob  Mason’s 
group  in  Denver  has  utilized  oleoylacetylglycerol,  and  we  have  used  dioctanoylglycerol 
Both  compounds  stimulate  su>factant  phosphotidylcholine  secretion 

B  Walker:  Do  you  have  any  expenence  with  2-Me-S-ATP  (2-methylthio-ATP) 
or  UTP? 

Rice*  We  have  examined  the  effect  of  2-Me-S-ATP  on  surfactant  phospholipid 
secretion  and  calcium  mobilization  2-Mc-S-ATP  is  a  much  weaker  agonist  than  ATP, 
requiring  concentrations  of  100-250  jtM  to  produce  a  response 
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INTRODUCTION 


Extracellular  ATP  produces  a  mynad  of  effects  on  normal  and  transformed  cells, 
including  alterations  in  ion  fluxes,  phospholipid  metabolism,  growth  and  diflerentia* 
tion,  and  secretion.  Many  of  these  changes  appear  to  be  mediated  by  specific  receptors 
on  the  plasma  membrane  Bumstock’  proposed  that  ATP  might  be  released  from 
nerves  as  a  neurotransmitter,  and  that  **punnergic”  receptors  could  be  subclassified 
into  two  groups*  P„  those  that  recogniz^  adenosine,  and  Pj,  those  that  recognized 
ATP  and  other  nucleotides  The  P,  group  was  further  subdivided  by  Bumstock  and 
his  co’*  borators  into  P^xand  P,y  based  on  the  pharmacological  potencies  of  different 
adeni:  lucleotides.^  Gordon  *  suggested  the  further  expansion  to  Pjt,  the  punnoceptor 
on  platelets,  and  Pjz,  the  punnoceptor  on  a  number  of  cells  that  respond  to  ATP*". 

One  of  the  mam  effects  of  extracellular  ATP  is  the  activation  of  ion  channels 
(Table  Some  of  the  ATP-activated  channels,  including  K*  channels,’"  are 
sensitive,  and  these  appear  to  be  indirectly  activated  by  the  effects  of  ATP  on 
[Ca^'^],  In  several  cells,  extracellular  ATP  can  stimulate  phosphoinositol  turnover, 
resulting  in  the  production  of  inositol  1,4,5-tnsphosphate  (InsP,),  the  elevation  of 
(Ca**^].,  and  the  activation  of  Ca^*-scnsitive  ion  channels  In  contrast,  ATP  activates 
cation-selective  channels  in  a  number  of  systems  by  a  mechanism  that  does  not  appear 
to  involve  InsPj  production.  In  general,  these  channels  are  not  sensitive  to  (Ca^*  j„ 
and  may  be  directly  activated  by  ATP  without  the  involvement  of  a  second  messenger 
We  have  been  studying  the  effects  of  cla^ical  neurotransmitter  agonists  and  ex¬ 
tracellular  ATP  on  rat  parotid  cells,'^”  which  provide  a  useful  model  for  studying 
receptor-mediated  changes  in  intracellular  events  (that  is,  second  messengers),  (Ca’^  J., 
and  ion  transport  systems  The  constitutive  activity  of  ion  channels  in  these  cells  is 
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very  low.  Neurotransmitters  that  activate  muscannic,  substance  P,  and  a*adrcncrgic 
receptors  greatly  increase  the  membrane  permeability  and  stimulate  fluid  secretion  by 
the  parotid  gland.  Gallacher'*  reported  that  extracellular  ATP  produced  changes  in 
the  membrane  conductance  of  mouse  parotid  acinar  cells  similar  to  alterations  pro¬ 
duced  by  acetylcholine  and  a-adrenergic  agonists  Like  Gallacher,  we  have  found  that 
ATP  promotes  similar  changes  to  those  produced  by  other  agonists,  but  we  And  that 
ATP  appears  to  have  unique  effects  as  well.  This  paper  summarizes  some  of  our 
findings.  Our  results  suggest  that  ATP  directly  activates  a  Ca**^*pcrmeable  channel, 
and  that  the  resultant  elevation  of  activates  additional  channels  that  are  Ca^'*^ 
sensitive.  ATP,  which  is  stored  and  cosecreted  with  muscanmc  or  adrenergic  neu- 
retransmitters  in  some  systems,’ may  play  a  physiological  role  in  the  stimulation  of 
fluid  secretion  by  the  parotid  gland 


RESULTS  AND  DISCUSSION 


Effects  of  Extracellular  ATP  and  Neurotransmitter  Agonists  on  Ca^*  Mobilization 


The  effects  of  ATP  and  other  agonists  on  [Ca’*  ),arc  shown  in  Figure  1.  Carbachol 
and  substance  P  rapidly  elevated  (Ca’^),.  Carbachol  produced  a  sustained  elevation 
that  was  reversed  by  the  muscarinic  antagonist  atropine  The  substance  Ponitiated 
elevation  spontaneously  returned  to  baseline  levels  b^use  of  desensitization  of  the 
substance  P  receptor.'*  ATP  usually  elevated  (Ca’*),  to  greater  levels  than  those 
produced  by  other  agonists  The  /Tos  for  ATP  in  elevating  [Ca,* ),  to  maximal  levels 
was  >  100  ^M.  Our  recent  studies,  however,  indicate  that  there  is  a  biphasic  (Ca*^), 
response  to  ATP,  consisting  of  a  saturable  response  at  relatively  low  ( <  10  ^M)  ATP 
concentrations  and  a  second  saturable  response  at  higher  ATP  concentrations 
(McMillian  et  al.  in  preparation). 

In  the  absence  of  extracellular  Ca’*,  the  peak  (Ca** ),  response  to  carbachol  was 
identical  to  that  measured  in  the  presence  of  Ca’*,  but  the  elevation  rapidly  returned 
to  baseline  levels  This  indicated  that  the  initial  muscanmc  response  was  due  to  the 
release  of  Ca’^  from  intracellular  siores  and  that  an  influx  of  Ca’*  across  the  plasma 
membrane  was  required  to  maintain  the  elevation.  Similar  findings  have  been  reported 
previously  in  the  parotid  cell  as  well  as  many  other  cells  In  contrast,  we  found  that 
the  response  to  ATP  was  greatly  diminished  (Fig  IB)  in  the  absence  of  extracellular 
Ca^^,  indicating  that  the  initial  response  to  ATP  relied  pnmanly  on  the  influx  of 
Ca’*  This  was  venfied  by  measunng  Ca’"  influx  using  ‘'Ca^*. 

In  the  absence  of  agonist,  *’Ca**  entered  relatively  slowly  The  rate  was  slightly 
enhanced  by  carbachol,  but  ATP  promoted  a  marked  acceleration  of  extracellular 
Ca^*  influx  (Fig.  2).  The  ATP-stimulatcd  rate  of  Ca’*  enlr>’  was  more  than  20  times 
the  basal  rate  The  effect  of  ATP  was  intermediate  between  that  of  the  calcium 
lonophore  lonomycin  and  that  of  carbachol 

Unlike  the  other  agonists  that  elevate  [Ca^^],  in  parotid  cells,  ATP  did  not  act 
via  phospholipase  C  The  relative  effects  of  carbachol,  substance  P,  and  phenylephnne 
on  InsPj  production  and  on  the  elevation  of  (Ca’J.  were  about  the  same.'*  Although 
ATP  produced  a  large  elevation  of  [Ca’^).,  it  produced  only  a  small  increase  in  InsP„ 
imilar  to  lonomycin  (Fig  3)  The  small  effect  of  ATP  on  InsP^was  reduced  by  about 
75%  by  removal  of  extracellular  Ca’*,  but  these  conditions  barely  altered  the  effects 
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of  carbachol  and  the  other  agonists  These  results,  m  combination  with  those  de- 
scribed  above,  indicated  that  the  effects  of  ATP  were  not  mediated  by  InsP„  and  that 
the  receptors  of  the  other  agonists  were  linked  to  phospholipase  C  Thus,  extracellular 
ATP  and  phospholipase  Clinked  agonists  elevated  (Ca**),  by  markedly  different 
mechanisms. 

In  the  absence  of  extracellular  Mg^^,  ATP  was  about  10-fold  more  potent  in  its 
effects  on  [Ca^^],  and  other  physiological  responses.*' As  shown  in  Figure  4,  in 


Time  Imin) 


500  T 


lime  (mm) 


FIGURE  1,  The  effects  of  carbachol,  substance  P,  and  extracellular  ATP  on  [Ca' '  ]  The  cells 
were  loaded  with  Fura  2,  and  (Ca^*],was  measured  as  reported  '*  (A)  The  effects  of  carbachol 
(20  pM).  atropine  (1  pM),  substance  P  (10  nM),  and  two  concentrations  of  ATP  (30  pM,  1 
mM)  on  cells  suspended  in  solution  A,  a  Ca^' -containing  medium  (constituents,  in  mM  NaCl, 
120,  KCl,  5,  MgCi:,  2  2,  CaClj,  1,  HEPES,  20,  belah>droxybutyrate,  5,  glucose,  10,  bovine 
s''rum  albumin,  0  \%)  (pH  7  4)  (B)  The  effect  of  ATP  (1  mM)  in  the  absence  of  extracellular 
From  SoUoff  et  al reprinted  with  permission 


the  presence  of  Mg^*  more  than  300  fiM  ATP  was  required  to  elevate  [Ca^"  ],  to  a 
level  comparable  to  or  greater  than  that  produced  by  carbachol,  but  much  less  ATP 
produced  this  effect  in  the  absence  of  Mg^‘  These  expenments  demonstrated  that 
the  effects  of  ATP  were  not  mediated  by  ectokinases  or  ecto-ATPases,  which  require 
Mg-ATP^  as  a  substrate  Instead,  it  appeared  that  ATP*  is  the  form  that  acts  on 
parotid  cells  This  suggested  that  the  parotid  cell  punnoceptor  is  of  the  class  In 
addition,  a,/i-methylene  ATP  and  2-methylthio-ATP,  selective  agonists  of  the  P.,, 
and  PjY  receptors,  respectively,  were  less  potent  than  ATP  in  eliciting  alterations  m 
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FIGURE  2.  The  effect  of  different  agonists  on  entry  into  parotid  cells  Cells  were 

suspended  in  solution  B  (constituents,  in  mM  NaCI.  1164,  KCl,  5  4,  MgSOi,  O.S;  NaH^PO*. 
1,  NaHEPES,  25,  CaClj,  I  8,  butyrate,  I.  glucose,  5  6)  (pH  7  4)  Isotope  was  added  at  time  0, 
and  samples  were  collected  as  previously  described’*  to  measure  the  cellular  *'Ca’^  content 
Carbachol  (20  fiM),  ATP  ( 1  mM,  with  I  nM  MgCI,),  or  lonomycin  ( 1  /iM)  was  ado^ J  at  the 
time  indicated  by  the  arrow 


(Ca**J,  or  other  physiological  responses.  Recently,  we  observed  that  3'*0*(4»ben* 
zoyl)benzoyl«ATP  (Bz*ATP)  was  more  potent  than  ATP  m  promoting  responses  m 
parotid  ceils  (Soltoff  er  a/,  in  preparation)  Although  this  agonist  was  highly  potent 
in  activating  a  P^z  receptor  in  transformed  mouse  fibroblasts, ^  it  was  also  a  potent 
agonist  of  the  Pjy  receptor  on  turkey  erythrocytes,*'  and  thus  may  not  discriminate 
Pj  receptor  subtypes.  The  potency  order  for  the  parotid  cell  (Bz'ATP  >  ATP  > 


FIGURE  3.  Companson  of  various  agonists  on  the 
accumulation  of  [  'fIjInsPjand  the  elevation  of  (Ca** ). 
in  rat  parotid  acinar  cells  Cells  were  loaded  with 
[^H]mosito]  or  Fura  2,  and  the  InsP^leveb  (accumu* 
lated  after  a  15-scc  exposure)  or  peak  values  of  (Ca**  J, 
in  response  to  carbachol  (10  pM),  substance  P(1  nM), 
norepinephrine  (10  pM)  or  phcnylephnnc  (100  ;tM), 
ATP  ( 1  mM),  and  lonomycm  ( 1  ^M)  were  measured 
as  desenbed  The  results  are  presented  m  terms  of 
the  basal  levels  of  InsPjand  [Ca*^],  measured  in  the 
absence  of  agonist  The  InsP,  results  were  presented  m 
tabular  form  m  McMillian  er  al,'*  and  the  (Ca**), 
results  were  reported  in  Soltoff  el 


Carb  Sub  P  P£  ion  ATP 


SOLTOFF  et  al.:  ACTIVATION  OF  ION  CHANNELS 


81 


ATP-yS  >  2-inethylthio-ATP  >  AMP-PNP,  ADP,  a,j3-inethylene  ATP)  is  con¬ 
sistent  with  the  parotid  receptor  being  of  the  d&ss.  Other  cells  with  receptors  in 
the  Pjz  class  are  lymphocytes,  macrophages,  and  mast  cells.^'’’  ”"”  For  all  of  these 
cells,  ATP  is  more  potent  in  the  absence  of  extracellular  One  characteristic 

that  is  not  shared  by  parotid  cells  and  several  of  the  other  cells  in  this  category, 
however,  is  an  ATP-promoted  increase  in  permeability  to  normally  impermeant  com¬ 
pounds.^^  For  example,  ATP  caused  the  loss  of  intracellular  nucleotides  from  trans¬ 
formed  fibroblasts'*  and  the  uptake  of  ethidium  bromide  (Af,  =  314)  into  rat  mast 
cells.”  ATP,  however,  did  not  promote  the  uptake  of  ethidium  bromide  into  parotid 
cells  (data  not  shown).  In  addition,  the  effects  of  ATP  on  [Ca^*'],  (measured  using 
Quin  2  or  Fura  2)  were  reversible  (Fig.  4),  demonstrating  that  Quin  2  (A/,  =  388) 


Hexokinase 


FIGURE  4.  The  effect  of  carbachol  (10  fiM)  and  ATP  on  [Ca'^]i  in  parotid  cells  suspended 
in  the  presence  (A)  and  absence  (B)  of  extracellular  Mg^^.  Note  that  ATP  was  much  more 
potent  in  the  absence  of  Mg^^.  Measurements  of  [Ca^^]i  were  made  using  (^n  2.  Cells  in  A 
were  suspended  in  solution  A,  and  ATP  was  add^  in  equimolar  amounts  with  MgSO,.  Cells 
in  B  were  suspended  in  Mg^^-free  solution  A,  and  ATP  was  added  without  Mg’*.  The  addition 
of  hexokinase  (2.S  units/ml),  which  consumed  the  added  ATP,  reversed  the  ATP-induced 
elevation  of  [Ca’*]i.  In  B,  MgS04(2.2  mM)  was  added  as  a  cofactor  for  hexokinase.  From 
McMillian  et  aL,  ”  reprinted  with  permission. 


and  Fura  2  {M,  =  831)  did  not  leak  out  of  the  cytosolic  space.  (In  the  presence  of 
extracellular  Ca’*,  the  eflflux  of  Quin  2  or  Fura  2  would  have  resulted  in  an  irreversible 
increase  in  fluorescence.) 


DIDS  Blocks  the  Effects  of  ATP  and  the  Binding  of  [a-^^PJATP 


The  effects  of  ATP  on  parotid  cells  were  blocked  by  4,4'-diisothiocyano-2,2’*8tilbene 
dioulfonate  (DIDS).  Pretreatment  of  the  cells  with  DIDS  concentrations  of  1(X)-1S0 
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/xM  completely  blocked  the  ATP>stimulated  elevation  of  [Ca*'*’)„  but  did  not  block 
the  [Ca**],  nse  produced  by  the  phospholipase  C-linked  agonists”  Thus,  DIDS 
discriminated  between  the  punnoceptors  and  the  phospholipase  C>hnked  receptors 
Initially,  we  exposed  the  cells  to  DIDS  at  room  temperature  for  ^  30  min,  and  found 
that  the  exposure  resulted  in  the  irreversible  blockade  of  the  responses  to  ATP  More 
recently,  we  have  observed  that  an  exposure  to  DIDS  at  37  *C  for  as  little  as  5  mm 
was  sufficient  to  produce  irreversible  inhibition  (Soltoff,  unpublished  results)  Because 
DIDS  is  fluorescent,  [Ca^^],  measurements  were  performed  using  cells  that  were 
pretreated  with  DIDS,  and  then  washed  We  have  also  found  that  dihydro-DIDS 
(HjoDIDS),  the  reduced  form  of  DIDS,  is  nearly  as  effective  as  DIDS  in  blocking 
ATT-stimulated  alterations  in  [Ca**],.  Unlike  DIDS,  H^-DIDS  docs  not  greatly  m* 


nCURE  5.  The  binding  of  (a-'’PlATP 
to  intact  parotid  cells  is  redact  by  DIDS 
Radiolabeled  ATP  (0  1  was  added 
m  the  absence  (A)  or  presence  (B)  of  100 
fiM  DIDS  to  parotid  cells  suspended  at 
37  *C  m  phosphate'buffered  saline  (con* 
stituents.  m  mM.  NaCl,  1369,  NaHjPO,, 
15  65;  KH2PO4,  1  47;  KCI,  2  68)  contain* 
ing  1  mM  EDTA.  After  about  10  mtn, 
either  5  mM  MgSO«or  1  mM  unlabeled 
ATP  was  added.  The  DIDS*sensttive  bind* 
ing  (A  minus  B)  is  shown  m  C  From 
McMillian  </  aL,'^  repnnted  with  permts* 
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terfere  with  the  Fura  2  fluorescence,  and  can  be  present  while  the  fluorescence  is 
being  monitored. 

[a-^^P]ATP  bound  rapidly  to  intact  parotid  cells”  It  was  displaced  by  excess 
unlabeled  ATP  or  by  Mg’*,  and  DIDS  substantially  reduced  this  binding  (Fio  5) 
These  results  suggested  that  the  effectiveness  of  DIDS  m  blocking  the  physiological 
effects  of  ATP  was  due  to  its  blockage  of  ATP  binding,  rather  than  at  a  site  beyond 
this  step.  In  preliminary  results,  the  number  of  DIDS*sensitive  ATP*bmding  sites  was 
estimated  as  1  2  pmol/mg  total  cell  protein.  If  we  use  a  value  of  2. 58  X  10^  cells/ 
mg  protein  (denved  from  reference  25),  the  estimate  represents  0  47  pmol/  lO"^  cells, 
or  about  2  9  x  10’  sites/cell.  Presumably,  this  fraction  of  ATP*bmding  sites  identifies 
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the  Pjz  receptor,  and  represents  an  upper  limit  for  the  number  of  punnoceptors  found 
on  these  cells  Additional  studies,  however,  are  necessary  for  a  more  complete  char- 
actenzation,  which  would  include  a  biochemical  descnption  of  this  receptor  Keppens 
and  De  Wulf^‘  found  about  10  times  as  many  P^-binding  sites  on  hepatocytes  using 
['*S]ATP-a-S  as  a  ligand.  (“SjADP-jS-S  was  used  as  a  ligand  to  characterize  the 
turkey  erthyrocyte  Pjy  receptor, which  is  linked  to  phospholipase  C  and  stimulates 
the  production  of  inositol  phosphates.^'  Membranes  prepared  from  these  cells  had 
about  3  pmol  binding  sites/mg  protein  This  value  was  similar  to  that  obtained  for 
the  parotid  cell,  but  was  normalized  to  plasma  membrane  protein  rather  than  total 
cellular  protein. 

DIDS  blocked  all  of  the  ATP-stimulated  ion  fluxes  that  we  examined,  including 
Ca**  influx  and  Na^  influx.’*”  In  contrast,  Chahwala  and  Cantley”  reported  that 
DIDS  blocked  the  ATP-stimulated  influx  ofCa'*  and  Cl  ‘  into  Fncnd  erythroleukemia 
cells,  but  did  not  affect  the  ATP-stunulated  Na^  uptake.  Kimmich  and  Randles” 
found  that  4-acetamino-4'-isothiocyanostilbcne-2,2'-disuIfonate  (SITS),  a  stilbene 
monoisothiocyanate  compound,  blocked  ATP-stimulaicd  Na*  entry  but  not  Ca** 
entry  into  intestinal  epithelial  cells  It  is  cunous  that  these  isothiocyanate  compounds 
do  not  appear  to  block  the  ATP  effects  in  a  consistent  fashion  in  different  cells  To 
our  knowledge,  our  findings  arc  the  flrst  to  report  that  DIDS  may  block  the  effects 
mediated  by  punnoceptors  because  of  its  effects  on  ATP  binding,  and  that  these  effects 
may  be  partly  due  to  the  similanties  of  the  sulfonate  and  phosphate  residues  DIDS 
has  been  used  extensively  as  an  inhibitor  of  the  anion  exchanger  of  red  cells  and  other 
cells,  where  it  binds  to  a  lysme  residue  on  the  transport  protein  It  also  appears  to 
bind  to  a  lysme  residue  on  the  ATP-bindmg  region  of  the  Na‘^,K*-ATPase.'^  It 
remains  to  be  determined  whether  DIDS  is  an  effective  inhibitor  of  the  P2Z  class  of 
receptors  on  other  cells,  and  whether  it  blocks  other  classes  of  punnoceptors 


AgonMnducfd  Activation  of  Ca^*’Sensttm  Ion  Transport  Systems 


Among  the  initial  ionic  events  involved  in  the  stimulation  of  fluid  secretion  are 
the  activation  of  Ca^*^ -sensitive  basolateral  channels  and  the  activation  of  luminal 
Cr  channels.”  ”  These  events  promote  the  loss  of  large  amounts  of  K*  and  Cl"  from 
the  avinar  cell,  and  consequently  the  cells  shnnk.  Subsequently,  Na*  enters  the  cell 
through  multiple  pathways  Both  extracellular  ATP  and  phosp/holipase  C-linked  ag¬ 
onists  initiate  this  sequence  of  events  by  the  elevation  of  [Ca^*'  The  extent  of 
these  changes  are  shown  on  Figure  6,  which  compares  the  effc  '  of  carbacbol  and 
ATP 

To  characterize  the  Ca**  dependence  of  the  K‘  efflux,  wi  measured  the  rate  of 
efflux  initiated  by  carbachol  and  that  initiated  by  ATP  v  'r  several  different 
conditions  (Fig  7)  Loading  the  cells  with  BAPTA,  a  Ca*  *  bv  v  lat  slows  the  nse 
in  [Ca^^],in  both  ATP-  and  carbachol-stimulated  cells,  slowed  tht  '^omst-stimulated 
efflux.”  This  indicated  that  an  elevation  of  (Ca**),was  requv. .  Jn  the  absence 
of  extracellular  Ca^^,  the  stimulation  by  carbachol  was  inhibited  onh  slightly,  whereas 
the  response  to  ATP  was  severely  reduced  Thc«  results  ure  consis  *'nt  with  findings 
that  the  initial  nse  in  [Ca^^],  promoted  by  caibachol  was  due  to  tn^.  mobilization  of 
an  intracellular  pool  of  Ca^^  and  that  the  nse  promoted  by  ATP  w<u.  due  pnmanly 
to  the  mobilization  of  extracellular  Ca'^. 

Ion  channels  were  charactenzed  electrophysiologically  using  patch-clamp  tech¬ 
niques  ”  Single-channel  recordings  of  ionic  currents  were  made  in  the  cell-attached 
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FIGURE  4.  Companson  of  th«  physiological  effects  of  carbachol  (30  ^M)  and  ATP  ( 1  mM) 
on  rat  parotid  acinar  cells  Measurements  or[Ca^'J,were  made  using  Pure  2  Alterations  in  the 
intracellular  Cl'  and  Na*  contents  were  measured  using  '*Cr  and  “Na',  respectively-  Alter¬ 
ations  in  the  intracellular  K*  content  were  obtained  using  a  K*>sen$itive  extracellular  electrode 
Cell  volume  was  measured  using  [  and  ( '*C]sucrose  For  additional  details  on  these 

techniques,  see  Soltoff  et  a!  “ 


mode  in  response  to  the  addition  of  carbachol  or  ATP  to  the  bath  solution.  Both 
agonists  activated  two  classes  of  single  channels,  a  small  conductance  channel  of  31 
pS  and  a  larger  conductance  channel  of  130 The  larger  channel  was  blocked  by 
10  mM  tetraethylammonium  (TEA),  suggesting  that  it  was  the  BK  (or  maxi-K^) 
-sensitive  channel  lonomycin  also  activated  the  two  channel  types,  indicating  that 
both  channels  were  activated  by  Ca^^.  When  the  cell  was  penetrated  with  the  patch 
electrode  to  make  whole-cell  recordings,  the  application  of  either  agonist  produced  a 
small  inward  current  followed  by  a  larger  outward  current.  The  outward  current  was 
not  observed  when  cells  were  dialyzed  with  a  zero  K^/high  Na*  solution  in  the 
patch  electrode,  indicating  that  the  larger  current  was  normally  earned  by  K^. 

To  study  the  possible  involvement  of  GTP-dependent  proteins  in  the  activation 
of  membrane  currents,  patch  electrodes  were  filled  with  GDP-/3-S,  and  the  above 
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expenments  were  repeated."  After  a  positive  response  was  obtained  upon  application 
of  carbachol  or  ATP  under  cell-attached  conditions,  the  cell  was  penetrated  with  the 
electrode  to  make  whole-cell  recordings  After  waiting  1  mm  to  allow  for  GDP-/3-S 
to  dialyze  into  the  cell  interior,  the  agonist  was  applied  again  (Fic  8).  Under  these 
conditions,  ATP  elicited  its  normal  response,  but  the  cells  did  not  respond  to  carbachol. 
Therefore,  it  is  likely  that  the  muscannic  agonist  acts  through  a  G  protein  (presumably 
Gp,  which  links  the  receptor  to  phospholipase  C).  ATP  acted  by  a  different  mechanism, 
consistent  with  the  phosphoinositide  results  (FiG.  3)  and  with  the  hypothesis  that 
ATP  may  directly  activate  a  Ca^-permeable  channel 

The  effects  of  different  channel  blockers  on  agonist-stimulated  efflux  were 
examined  (Fig  7)  to  investigate  whether  activation  of  the  BK  channel  was  sufficient 
to  account  for  the  net  loss  of  K*  from  the  cell  (Fig.  6) "  TEA  reduced  the  carbachol- 
stimulated  efflux  by  about  60%,  but  reduced  the  ATP-stimuIated  efflux  by  only  about 
30%.  Because  TEA  effectively  blocked  the  BK  channel  in  the  patch-clamp  ex¬ 
periments."  these  results  indicated  1)  that  multiple  types  of  K^-permeable  channels 
must  contnbute  to  the  agomst-initiated  loss  of  K^ ,  and  2 )  that  the  relative  contnbution 
of  these  channels  vanes  with  the  agonist.  Charybdotoxin  (CTX),  another  inhibitor 
of  various  types  of  channels,”  was  more  effective  than  TEA  in  blocking  the  effects 
of  both  ATP  and  carbachol  Thus,  in  the  parotid  gland,  CTX  appears  to  inhibit 
additional  K'^-permeable  channels  that  are  not  blocked  by  TEA. 


/fTP  Increases  [Na* ]tihrough  Multiple  Na *  Entry  Pathways 


Extracellular  ATP  and  carbachol  maximally  increased  the  intracellular  Na"^  con¬ 
tent  to  about  4  times  and  2  5  times,  respectively,  the  basal  content  (Fig  6).  The 
relative  increase  in  the  Na*  concentration  was  even  greater  than  the  relative  increase 


TEA  CTX  0  C«  BAPTA 


TEA  CTX  OCaSAPlA 


FIGURE  7.  Companson  of  the  cffecls  of  carbachol  (30  ^M) 
and  extracellular  ATP  (1  mM)  on  the  initial  rate  of  K '  efflux 
from  parotid  cells  The  rate  of  K  *  efflux  was  measured  using 
a  K*-$en$itive  extracellular  electrode  The  cells  were  sus¬ 
pended  in  solution  B  and  were  exposed  to  TEA  (tetraethyl- 
ammonium,  15  mM)  or  CTX  (charybdotoxin,  100  nM)  about 
2  min  prior  to  the  addition  of  agonist  For  "O  Ca^  ’  ”  exper¬ 
iments,  cells  were  suspended  in  the  absence  of  extracellular 
Ca^*  and  with  500  pM  EGTA  BAPTA-treated  cells  were 
exposed  to  25  pM  BAPTA-AM  for  at  least  20  mm  pnor  to 
the  addition  of  agonist  The  data  were  normalized  to  mea¬ 
surements  obtained  under  control  conditions  fhese  results 
were  presented  in  tabular  form  m  Soltoff  et  al " 
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Carbacliol 

FIGURE  8.  GOP'/S'S  b’.':ks  the  membrane  current  initiated  by  carbachol  but  not  that  initiated 
by  ATP  (A)  Single-channel  patch  recordings  were  made  in  the  cell-attached  conUguraticn  with 
10  mM  GDP-)3-S  in  the  patch  pipette  (0  mV  patch  potential)  in  response  to  a  2'Sec  exposure 
(horizontal  bar)  to  agonist  Vertical  calibration  bar  15  pA  (B)  Whole-cell  recordings  (at —50 
mV)  from  the  same  cell  as  that  shown  in  A.  After  a  l-min  dialysis  with  the  contents  of  the 
patch  pipette,  the  cells  were  again  exposed  to  the  agonist  for  2  sec  (horizontal  bar)  Vertical 
bar  50  pA  From  McMilhan  et  a/,"  used  with  pemussicn 


in  the  Na*  content,  because  the  parotid  cells  rapidly  decreased  m  cell  volume  m 
response  to  the  agonists  (FiG  6)  The  bulk  of  the  carbachol-stimulated  entry  was  via 
the  Na'^-K^-2Cr  cotransportcr,  and  about  20%  of  the  entry  was  via  the  Na^-H* 
exchanger  In  addition  to  promoting  the  entry  of  Na^  through  these  two  pathways, 
ATP  stimulated  Na'"  uptake  via  an  additional  pathway  This  may  be  an  ATP-gated 
Na^-permeable  ion  channel,  similar  to  that  dcscnbed  in  other  cells  (Table  1)  Such 
a  channel  may  be  permeable  to  both  Na*  and  Ca^*,  accounting  for  the  C^^^uptakc 
as  well  as  the  additional  Na*  uptake  promoted  by  ATP.  In  support  of  this,  mea¬ 
surements  of  the  parotid  cell  membrane  potential  using  a  voltage-sensitive  dye  showed 
that  ATP  promoted  a  biphasic  change:  an  initial  hyperpolanzation  followed  by  a 
depolarization  (Fig  9)  In  contrast,  carbachol  promoted  a  hyperpolanzation  only 
The  hyperpolanzation  appeared  to  be  due  to  the  activation  of  Ca^^-sensitivc  K"* 
channels  by  both  agonists,  whereas  the  ATP-promoted  depolanzation  appeared  to  be 
due  to  the  activation  of  an  ATP-gated  Na*-  and  Ca^* -permeable  channel  (Soltoff  ef 
al.  in  preparation).  Unlike  the  other  ion  channels  charactenzed  in  this  cell  (Table 
1),'^  this  pathway  was  not  activate  by  an  elevation  in  [Ca^"^],. 


FIGURE  9.  Companson  between  the  effects  of  ex¬ 
tracellular  ATP  (300  pM)  and  the  effects  of  carbachol 
(30  pM)  on  the  membrane  potential  of  rat  parotid 
acinar  cells  Alterations  in  the  membrane  potential 
(biS'Oxonol  fluorescence  measured  at  540/580  nm 
emission/excitation  wavelength  pair)  were  measured 
using  cells  suspended  in  Mg '’-free  solution  B  con¬ 
taining  100  nM  bis-oxono!  An  increase  (or  decrease) 
in  the  fluorescence  represents  a  depolanzation  (or  hy- 
perpolanzation)  of  the  membrane  potential 
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Activation  of  the  Na*  Pump 


The  Na^  pump  activity  was  rapidly  activated  by  ATP  and  other  agonists  This 
was  easily  detected  by  measuring  the  ouabaln-sensittve  oxygen  consumption  of  the 
cells,  because  there  is  a  tight  coupling  between  mitochondrial  oxidative  phosphoryl¬ 
ation  and  the  Na'*’  pump  (Na'*',K*-ATPa8c)  activity.^  In  response  to  ATP  (Fig.  10) 
and  other  agonists,  the  rate  of  oxygen  consumption  (QQ,)  was  greatly  increased.  The 
stimulatory  effects  of  the  agonists  were  block^  by  ouabain,  which  ii^ibits  the  Na^,- 
K^-ATPase  The  ouabain-sensitive  rate  of  the  ATP-stimulated  or  carbachol-stimulated 
cells  was  more  than  seven  times  the  ouabain-sensitive  busal 

In  the  parotid  cell,  the  stimulation  of  the  Na^  pump  was  mediated  by  the  increase 
in  intracellular  Na*  as  well  as  the  decrease  in  intracellular  K*  (Fig  6).  The  effect 


FIGURE  10.  Stimulation  of  the  oxygen  consumption  of  parotid  cells  by  ATP,  carbachoi,  and 
nystatin  Shown  is  the  disappearance  of  oxygen  fr<mi  a  closed  chamber  containing  parotid  cells 
suspended  m  solution  B.  ATP  (1  mM,  added  with  1  mM  MgCl;),  carbachoi  (20  /iM),  nystatin 
(04  mM),  and  ouabain  (3  mM)  were  added  where  indicated  When  ouabain  was  add^  first 
(not  shown),  it  blocked  the  effects  of  all  three  stimuli,  demonstrating  that  their  effects  were  due 
to  stimulation  of  the  Na*  pump 


of  the  Na*/K*  ratio  on  the  Na*,K*-ATPasc  hydrolytic  activity  m  parotid  cell 
membranes  ts  shown  m  Fig  II A.  At  a  given  concentration  of  Na*,  the  Na*,K*- 
ATPase  activity  was  greater  when  the  K*  concentration  was  relatively  low  The 
for  Na*  was  ~  10  mM  when  the  K*  concentration  was  fixed  at  10  mM  and  was  -^35 
mM  when  the  K*  concentration  was  over  100  mM 

To  characterize  the  response  of  the  Na*  pump  in  intact  cells  at  various  concen¬ 
trations  of  intracellular  Na*  and  low  intracellular  K*,  the  ouabain-sensitive  QOjOf 
parotid  cells  exposed  to  different  concentrations  of  extracellular  Na*  was  measured 
in  response  to  nystatin.  Nystatin  is  a  monovalent  cationophore  that  collapses  both 
the  Na*  and  K*  gradients  across  the  plasma  membrane.  The  response  of  the  Na** 
pump  to  different  concentrations  of  intracellular  Na*  at  low  concentrations  of  intra¬ 
cellular  K*  was  examined  by  measunng  the  nystatin-stimulated  ouabam-sensitive  (^Oj 
of  cells  suspended  in  various  concentrations  of  Na*  (Fig.  IIB)  The  nystatin-stim- 
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ulated  QO2  of  parotid  cells  was  very  sensitive  to  the  Na^  concentration  under  these 
conditions  Similar  results  were  observed  in  renal  cells  ”  The  sensitivity  of  the  ATP- 
stimulated  ouabain-sensitive  QOj  nearly  identical  to  that  of  the  nystatin- 

treated  celts,  suggesting  that  ATP  promoted  a  similar  alteration  of  the  intracellular 
Na'*'/K'*^  ratio  In  contrast,  ihe  carbachol-stimulated  Q02was  markedly  less  sensitive 
to  the  extracellular  Na*  concentration.  Presumably,  the  relatively  poor  stimulation 
by  carbachol  at  low  Na*^  concentrations  was  due,  at  least  m  part,  to  the  relatively 
lower  increases  in  intracellular  Na^  produced  by  carbachol,  which  was  restncted  to 
the  combined  activities  of  the  Na*-K'^-2C1“  cotransporter  and  the  Na^-H"^  ex¬ 
changer. 


FIGURE  U.  The  dependence  of  the  Na*,K*-ATPase  (A)  and  the  Na’  pump  (B)  on  the  Na*  / 
K*  ratio  (A)TheNa*,  K**ATPase  hydrolytic  activity  m  lysed  parotid  acinar  cells  was  measured 
in  a  coupled  assay  system  that  monitored  the  disappearance  of  NADH  at  340  nm  The  membranes 
were  incubated  in  a  solution  that  contained  varying  amounts  of  Na*  with  either  a  fixed  or 
varying  amount  of  K*  In  one  case,  the  K*  concentration  was  maintained  at  ID  mM,  and  the 
Na*  concentration  was  varied  between  0  and  140  mM  by  replacement  of  NaCl  with  tetrame- 
thyfammonium  chlonde  In  the  other  case.  NaCI  was  varied  by  replacement  with  KOI.  such 
that  the  combined  sum  of  Na*  and  K*  was  140  mM  In  addition,  the  solutions  contained  the 
following  2  5  mM  MgClj,  20  mM  HEPES,  1  4  mM  phospho(cnol)pyruvale,  20  U/ml  lactate 
dehydrogenase,  5  mg/ml  NADH,  3  5  U/ml  pyruvate  kinase,  and  2  mM  Tns*ATP-MgClj  For 
each  condition,  membranes  were  assayed  m  the  presence  and  absence  of  4  mM  oua^m  The 
results  are  presented  as  the  ouabain'Sensitive  ATPase,  and  are  normalized  to  Ihe  activity  measured 
at  the  highest  Na*  concentration  (B)  The  rate  of  oxygen  consumption  (QO,)  was  measured 
using  parotid  cells  suspended  in  varying  concentrations  of  Na  ,  in  which  A^'methyl'D-glucamine 
was  used  to  replace  Na*  Otherwise,  the  solution  resembled  solution  B  The  increase  in  the 
stimulated  ouabam-sensitive  QO^  values  m  response  to  nystatin  (0  4  mM).  ATP  ( 1  mM,  added 
with  1  mM  MgClj),  and  carbachol  (30  ^M)  were  normalized  to  the  maximum  increases  (204 
±34  (3),  18  1  ±  2  6(3),  and  20  0  1  18  (4)  nmol  0,/mg  protcin/min,  respectively)  produced 
by  these  stimuli  at  142  4  mM  Na* 


SUMMARY 


Extracellular  ATP  initiates  a  vanety  of  changes  m  the  parotid  acinar  cell.  The 
initial  effect  appears  to  be  the  entry  of  (and  perhaps  Na*),  and  a  senes  of  ion 
transport  events  result  from  the  subsequent  elevation  of  (Ca^*],(FiG  6),  Agonists  of 
phospholipase  C-hnked  receptors  elevate  [Ca**  J,by  a  different  pathway,  involving  the 
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generation  of  inositol  polyphosphate  compounds,  but  share  in  the  subsequent  initiation 
of  the  ion  transport  events  Although  the  rntmtenance  of  the  physiological  changes 
may  depend  on  specific  inositol  polyphosphate  intermediates,^  the  critical  initiating 
factor  is  the  elevation  of  (Ca*"^],.  Fluid  secretion  by  the  parotid  gland  is  tnggered  by 
the  action  of  neurotransmitters,  which  alter  the  menibrane  permeability  of  the  acinar 
cell.  The  similarities  between  the  two  receptor-mediated  activation  pathways  suggests 
that  ATP  may  act  as  a  neurotransmitter  and  play  a  role  in  the  control  of  fluid  secretion 
Basing  our  analysis  on  the  punnoceptor  characteristics  outlined  by  Gordon,’  we  suggest 
that  the  parotid  receptor  Xiongs  to  the  Pjzclass,  which  is  highly  sensitive  to  ATP*~ 
Basing  his  analysts  on  the  earlier  report  by  Gallacher'*  of  the  effects  of  ATP  on  mouse 
parotid  cells.  Gordon  placed  the  parotid  punnoceptor  m  a  different  Pj  subclass  (Pjy) 
However,  our  findings  of  an  increased  potency  of  ATP  in  the  absence  of  Mg**  (Fig. 
4),  as  well  as  the  potency  order  of  different  nucleotides,  indicate  that  the  Pjz  class  is 
a  more  appropriate  category 
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DISCUSSION  OF  THE  PAPER 


P.  A  Ward  ( University  of  Michigan  Medical  School,  Ann  Arbor.  MI).  It  is  possible 
that  a  phospholipase  C  pathway  using  PC  as  a  substrate  is  involved'^  Is  your  response 
sensitive  to  pertussis  toxin? 

SoLTOFF-  We  were  unable  to  find  any  evidence  for  phosphatidylcholine  breakdown 
in  these  cells.  Pertussis  toxin  did  not  appeal  to  affect  the  responses  to  ATP  or  other 
agonists. 

T.  D.  White  (Dalhousie  University,  Halifax,  Nova  Scotia,  Canada).  Do  you 
anticipate  that  AT^"  will  have  eflects  on  parotid  cells  in  vivo,  where  there  is  pre* 
sumably  extracellular  Mg^*  that  could  prevent  the  ATP*“  effects? 

SoLTOFF*  Yes,  I  think  that  there  will  be  an  ATP*"  effect  m  vivo  I  imagine  the 
nerve  terminal  to  be  closely  opposed  to  the  basolateral  membrane  of  the  acinar  cell 
Large  concentrations  of  ATP  arc  costored  with  neurotransmitiers.  The  release  of  ATP 
might  initially  “overwhelm”  the  extracellular  Mg**,  allowing  for  a  substantial  amount 
of  ATP*"  Eventually,  because  of  formation  of  Mg*ATI^",  a  substrate  for  ccto- 
ATPases  and  kinases,  and  because  of  diffusion,  the  ATP"  would  be  diminished.  Of 
course,  this  scenario  presents  a  stop-flow  view  of  these  events  rather  than  a  dynamic 
one 

R.  I.  Hume  (University  of  Michigan,  Ann  Arbor,  MI)  1  want  to  point  out  the 
staking  similarity  of  the  work  you  presented  to  the  results  we  have  found  on  chick 
skeletal  muscle.  [See  pp  484>485  and  486-488  in  this  volume— Ed.]  In  particular,  m 
chick  muscle,  DIDS  blocks  the  ATP  responses,  and  ATP  activates  K*  channels 
without  the  mediation  of  a  G  protein.  However,  our  evidence  indicates  that  these  are 
not  Ca**^'dependent  K*  channels,  and  we  think  it  very  likely  that  there  is  a  membrane- 
bound  second  messenger 

SOLTOI F:  We  arc  interested  in  heanng  whether  other  groups  have  found  DIDS 
to  be  inhibitory  and  whether  it  is  specific  to  any  particular  P,  receptor  subtype  Because 
DIDS  binds  to  lysine  groups,  and  has  been  ob^rved  to  bind  to  the  ATP-binding  site 
of  vanous  enzymes,  we  would  predict  that  it  might  be  effective  on  punnoceptors  in 
a  number  of  cells 

F.  Di  ViRGlLiO  (University  of  Padua,  Italy).  The  experiment  showing  a  larger 
increase  in  intracellular  Ca**  in  the  absence  of  Mg**  does  not  prove  formally  that 
the  active  species  in  ATP",  since  Mg**  may  compete  with  Ca**  for  translocation 
across  the  channel. 

SoLTOFF,  Elevating  the  extracellular  Ca*  *  concentration  also  decreases  the  potency 
of  extracellular  ATP.  Under  these  conditions,  the  entry  of  Ca*  *  would  not  be  blocked; 
rather,  the  formation  of  Ca-ATP"  diminishes  the  concentration  of  ATP" 

Dl  ViRClLlO'  Did  you  test  whether  other  nucleotides,  such  as  UTP,  CTP,  and 
GTP,  can  also  trigger  the  small  Ca**  nse  caused  by  ATP*^ 

SoLTOFF.  The  agonist  potency  senes  for  the  small  response  was  Al'P  >  ATP-y- 
S  >  2-methylthio-ATP  (a  Pjy'Selective  agonist)  >  >  ADP,  ITP,  and  a,/J-methylene 
ATP  (a  p2x-selective  agonist).  GTP  had  no  effect  We  did  not  examine  UTP  or  CTP 
on  this  response 

G  A.  Weisman  (University  of  Missouri,  Columbia.  MO).  With  respect  to  your 
findings  of  two  subclasses  of  P,  receptor  in  parotid  cells,  are  both  subclasses  activated 
by  ATP*"*^  We  have  found  evidence  for  two  subclasses  (Pjy  and  Pjz)  in  mouse 
fibroblasts  and  also  indications  that  Pjy  receptors,  like  Pjz  receptors,  may  be  activated 
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by  ATP*"  Also,  m  the  presence  or  Ca**  and  small  amount  of  ATP*~  would 
still  be  present.  Have  you  directly  titrated  the  small  Ca**"  response  with  the  ATP*" 
concentration‘s 

SOLTOFF-  In  the  absence  of  extracellular  Mg^  we  find  a  biphasic  concentration- 
response  to  extracellular  ATP  The  larger  response  (ATP  concentrations  above  30 
/aM)  is  activated  by  ATP*",  and  appears  to  involve  a  Pa-type  receptor.  Although  we 
have  not  directly  titrated  the  small  response  (observed  between  0.1  and  10  /aM  ATP), 
It  is  not  affected  by  large  concentrations  (up  to  10  mM)  of  Mg**  or  O.**,  and  may 
not  be  due  to  the  activation  of  a  Pj2*type  receptor.  However,  2-mfthylthio-ATP  (a 
potent  Pjy  agonist)  and  a, /3-methylene  ATP  (a  potent  P,x  agonist)  were  much  less 
effective  than  ATP,  so  the  small  response  does  not  appe'^r  to  be  cither  a  p2Y  or  P^x 
receptor,  cither. 

A.  Christie  {Case  Western  Reserve  University,  Cleveland.  OH)’  What  type  of 
current  did  you  depict  with  the  cell-attached  patch-clamp  experiments— the  Ca**- 
activated  K*  current  or  the  ATP-activation  nonselw^tivc  current? 

SoLTOFF:  In  the  cell-attached  mode,  when  the  cell  membrane  outside  of  the  patch 
electrode  was  exposed  to  ATP,  we  found  two  channels  (31  pS  and  130  pS).  Carbachol 
also  activates  these  channels  under  these  conditions.  These  Ca**-sens]tive  channels 
appear  to  be  a  nonselective  cation  channel  and  the  BK  (maxi-K*)  K*  channel. 

Christie.  Do  you  have  any  evidence  for  single-channel  events  induced  by  ATP, 
that  IS,  single-channel  data  on  the  ATP-activated  nonselective  current? 

SOLTOFF  Although  our  ion  llux  measurements  (for  which  we  used  “Na  and  *’Ca) 
indicate  that  ATP  also  activates  a  Ca**-in$ensitivc,  nonselective  cation  channel,  we 
have  not  yet  charactenzed  this  channel  using  electrophysiology. 

S  C  SiLVERSTEiN  {Columbia  University,  New  York,  NY)  Could  it  be  that  all 
cells  secrete  ATP  and  that  ATP  is  an  autocoid? 

SoLTOFF:  Clearly  there  are  some  cells  (most  notably,  platelets)  that  secrete  ATP 
during  the  exocytosis  of  storage  granules  Although  ATP  may  function  as  an  autocoid 
m  some  cellular  systems,  I  think  that  these  would  be  limited  m  number. 

SiLVERSTEiN'  Are  ATP  receptors  only  on  the  basolatenl  surface  or  might  they 
also  be  on  the  apical  membrane,  as  suggested  in  type  II  pneumocytes  by  Dr.  Rice? 

SoLTOFF.  Because  ATP  appears  to  have  neurotransm'iter-like  effects  on  the  parotid 
acinar  cell,  we  predict  that  ATP  receptors  are  on  the  basolaleral  membrane  along 
with  the  other  receptors.  However,  we  have  not  yc*  performed  any  studies  to  dem¬ 
onstrate  this 

W.  R  Rice  ( University  of  Cincinnati  Medical  Center,  Cincinnati,  OH)  In  response 
to  Dr  Silverstein’s  comment,  we  have  measured  ATP  levels  in  type  II  cell  media  and 
have  found  that  the  levels  are  nondetecuble  Lamellar  bodies  have  not  been  examined 
for  ATP  content,  but  appear  to  contain  SP-A,  which  down-regulates  surfactant  phos¬ 
pholipid  secretion  in  vivo 

B.  R  Talamo  (Tm/m  University  School  of  Medicine.  Boston,  MA)  In  response  to 
Dr.  Silverstein’s  suggestion  that  ATP  may  be  released  from  epithelial  (and  endothelial) 
cells  and  have  an  autocrine  eflect,  I  do  not  have  an  answer  for  parotid  cells,  but  would 
like  to  point  out  that  parotid  secretory  granules  contain  high  concentrations  of  , 
which  would  be  likely  to  complex  ATP  and  make  it  less  effective  in  activating  ATP* 
receptors 
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INTRODUCTION 


Studies  on  the  role  of  adenosine  and  adenosine  triphosphate  in  mammalian  tissue 
function  can  be  divided  histoncally  into  two  general  types:  biochemical  (that  is, 
predominately  pharmacological)  and  physiological.  Biochemical  studies  have  focused 
on  extracellular  recognition  sites,  both  receptors  and  nucleoside  transporters,  for 
adenosine,  second  messenger  systems  and  effects  on  neurotransmitter  release  and 
turnover.  Physiological  studies  have  been  concerned  with  studying  the  effect  of  aden¬ 
osine  and  Its  related  nucleotides  m  the  context  of  *'nonadreneigic,  nonchohnergic’* 
(NANC)  neurotransmission  in  penpheral  tissues',  local  regulation  of  coronary  and 
cerebral  blood  flow*’;,  and  behavior  in  animal  models*  Because  of  the  extensive 
metabolism  of  ATP  by  ectoenzymc  systems  in  the  synaptic  cleft,*  ascnbing  function¬ 
ality  to  ATP  as  opposed  to  ADP,  AMP,  or  adenosine  has  been  difficult,  especially  in 
the  complex  and  confined  milieu  of  the  mammalian  peripheral  and  central  nervous 
systems.  This  has  been  further  compounded  not  only  by  a  lack  of  potent  and/or 
selective  ATP  antagonists  to  aid  in  delineating  nucleotide  effects  from  those  of  the 
nucleoside,  but  also  by  a  limited  availability  of  nucleotide  analogues  Of  a!!  tissues 
studied,  the  mammalian  brain  has  the  highest  levels  of  adenosine  plus  the  richest 
density  of  adenosine  receptors* 


RECEPTOR  SUBCLASSES 


Adenosine 


Adenosine  elicits  its  cellular  effects  via  interaction  with  two  major  receptor  classes, 
A,  and  A^  The  latter  can  be  further  divided  into  A„  and  A^t,  The  Ai  receptor  is 
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involved  m  regulation  of  transmitter  release  and  is  selectively  activated  by  adenosine 
analogues  substituted  in  the  iV^'posiuon.  These  include  A^*-cvclohexyladenosme 
(CHA),  A^'‘*cyclopentyladenosinc  (CPA)  (Fig  I ),  2*chIoro-A"^-cycJopentyladcnosme® 
(CCPA),  and  (5')-A^‘*cndonorbomyladenosmc  ((S}-ENBA)^  In  contrast,  Aj,  recep¬ 
tors  can  be  selectively  activated  by  adenosine  analogues  substituted  in  the  2-  and  5'- 
positions  including  5'-A-cthylcarboxamidoadcnosine  (NECA)  (Fio.  1),  a  potent  {K 
=  IS),  nonselective  agonist  while  2-phenytaminoadeno$ine  (CV  180B),'  although  weak 
{K,  ~  100  nM),  is  5-fold  Aj  secretive*  2-p'((CarboxyethyI)phenethylamino)-5-car- 
boxamidoadenosine  (CGS  21680)  (Fto.  I)“*  is  the  most  potent  (^,  —  14  nM)  and 
selective  (140-fold)  Aj  agonist  yet  reported. 

Aifc  receptors  represent  a  low-aflinity  form  of  the  A,,  receptor,*  with  no  potent, 
selective  ligands  yet  described.  Other  adenosine  receptor  subtypes  include  an  Aj 
receptor,  which  is  involved  in  the  regulation  of  ncurotransmittcr  release."  A,,  and 
Ai*  receptors"  have  also  been  proposed. 

Adenosine  receptors  can  be  charactenzed  by  their  antagonism  by  the  xanthines. 
While  theophylline  and  caffeine  were  instrumental  in  providing  evidence  for  the  ex¬ 
istence  of  adenosine  receptors,"  many  8-sut^tituted  xanthines  are  available  which  arc 
highly  potent  (/T,  values  in  the  nanomolar  range)  and  usually  A,  selective.  These 
include  xanthine  amine  congener  (XAC),‘*  cyclopcntylxanthine  (CPX),  and  cyclo- 
pentylthcophylline  (CPT)  (Fio  2)."  PD  115,199,  a  sulfonamide  congener  of  1,3- 
dipropyl-8-phenylxanthinc.  is  a  potent  (AT.  «  16  nM),  nonselective  A,  receptor  an¬ 
tagonist,"  as  is  the  tnazoloquinazolinc,  CGS  15943  (Fio.  2)  '* 

Biochemical  studies  have  shown  that  both  the  A,  and  A2  receptor  subtypes  are 
heterogeneously  distnbuted  in  the  CNS.*  Autoradiographic  binding  studies  show  that 
A,  receptors  labeled  by  ( ^H]CHA  have  the  highest  binding  in  the  molecular  layer  of 
the  cerebellum  and  m  the  hippocampus.  Intermediate  binding  is  observed  in  the 
thalamus,  caudate-putamen,  septum,  and  cerebral  cortex.  Minimal  binding  is  observed 
in  the  hypothalamus  and  brain  stem."  Similar  studies  on  Aj  receptor  distnbution 
using  ( ’HJNECA  in  the  presence  of  CPA,  to  selectively  label  Aj  receptors,"  and  the 
A, -selective  ligand  (^HJCGS  21680"  have  shown  that  A,  receptors  arc  selectively 
localized  to  the  striatum  and  olfactory  tubercle.  Based  on  comparisons  with  biochem¬ 
ical  effects  elicited  through  Aj  receptor  activation,  it  would  appear  that  the  receptors 
identifled  with  NECA/CPA  and  CGS  21680  are  of  (he  A}«  subtype.  Marked  species 
differences  in  both  A,  and  A.  receptors  have  been  documented.^" 


Ademne  NucleoUdt 


ATP  and  ADP  can  alter  mammalian  cell  function  via  interaction  with  their  own 
discrete  set  of  receptors  Initially  designated  by  Bumstock  m  *978'  as  Pj  receptors 
(with  the  adenosine  recep(or($)  ^ing  classified  as  P,),  at  least  four  adenine  nucleotide 
receptor  subclasses  have  been  described.  Pip  Pjxt  Pjy.  and  P,/ ""  Whereas  the  X,  Y, 
and  Z  receptors  can  be  activated  by  vanous  ATP  analogues  (Table  1 ),  the  T  receptor 
1$  most  sensitive  to  2-methyIihio-ADP  Hence  the  designation  of  nucleotide  as  opposed 
to  ATP  receptor  subclasses 

Many  analogues  of  the  vanous  adenine  nucleotides  have  been  made  and  tested  in 
a  vancly  of  different  tissues"  The  structure-activity  relationship  for  the  various 
receptors  has  been  limited  because  of  a  lack  of  companson  of  a  senes  of  these  ligands 
across  different  tissues  and  a  lack  of  confirmation  of  reported  activities  in  separate 
laboratones  Studies  to  date  may  therefore  be  confounded  by  what  Black"  has  termed 
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circular  reasoning,  especially  in  regard  to  the  possibility  that  the  rank  activities  for 
these  entities  may  reflect  differences  in  their  efficacies  in  different  tissues. 

A  comprehensive  study  of  a  senes  of  ATP  analogues  in  rat  nodose  ganglion**  led 
to  the  conclusion  that  the  nature  of  the  polyphosphate  side  chain  as  well  as  C-6 


FIGURE  1.  Adenosine  analogues 


substituents  determined  activity  at  ATP  receptors  in  this  tissue.  Interestingly,  whereas 
adenosine  5'-  (i3,-y«methylene)'tnph<»phonate  (APPCP)  was  found  to  be  an  agonist, 
the  difluoro  analogue,  APPCRP,  was  found  to  be  a  partial  agonist,  and  the  dichloro 
analogue,  adenosine  5'-(/3,7'dichloromethylene)-tnphosphonate  (APPCC12P),  a 
rather  potent  (K,  =  21  fiM)  competitive  antagonist. 
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CPT  CPX 


CGS  15943 

FIGURE  2.  Xanthine  analogues 


As  the  various  adenine  nucleotide  analogues  synthesized  by  Cusack^*  and 
Blackburn^*  become  more  readily  available,  it  is  to  be  hoped  that  the  data  base  used 
to  delineate  adenosine  nucleotide  receptors  will  increase  to  the  point  that  some  gen* 
eralizations  about  receptor  subtype  functionality  in  vanous  tissues  will  be  possible. 


PURINE  RELEASE  IN  THE  CNS 


The  mechanisms  responsible  for  modulating  the  release  of  adenosine  and  ATP  in 
nervous  tissue  have  been  extensively  studied^’  since  the  initial  observation  of  Holton 
m  1959.^*  In  essence,  although  both  depolarization  and  electrical  stimulation  have 
been  reported  to  effect  the  release  of  adenosine  in  both  calcium-dependent  and 
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mdq>endent  modes,  it  is  still  unresolved  as  to  whether  purines  are  released  from 
neurons,  glia,  or  both.  Fredholm  and  colleagues^’  have  suggested  that  adenosine  release 
IS  a  earner-mediated  phenomenon.  Based  on  the  physiological  effects  of  endogenous 
adenosine,  it  is  probable  that  the  punne  nucleoside  functions  as  a  paracrine  homeostatic 
neuromodulatory  agent  as  defined  by  Schmitt.”  The  ramifications  of  this  role  in  regard 
to  the  concept  of  “dynamical  diseases'*  related  to  chaos  theory^'  have  been  discussed 
elsewhere.” 

Evidence  for  ATP  being  stored  with  acetylcholine  and  norepinephnne  and  for 
ATP  having  a  functional  role  as  a  cotransmitter  has  also  been  extensively  docu¬ 
mented.”  Release  can  be  evoked  by  depolarization  and  is  calcium  dependent  Al¬ 
though  ATP  release  from  caudate  synapto»>mes”  and  hippocampal  slices”  has  been 
reported,  evidence  for  the  “unequivocd  release  of  endogenous  ATP  has  yet  to  be 
demonstrated.”” 


BIOCHEMICAL  EFFECTS  OF  ADENOSINE  AND  ATP 


The  role  of  ATP  in  mammalian  CNS  function  has  generally  been  assumed  to  be 
due  to  adenosine  formed  by  ectonuclotidase  action  As  a  consequence,  few  studies 
have  focused  on  the  role  of  ATP  in  the  CNS  beyond  the  issue  of  release. 

Based  on  recent  evidence  for  a  rapidly  expanding  role  in  a  vanety  of  tissues,”  an 
increased  focus  on  the  role  of  ATP,  as  distinct  from  that  of  adenosine,  appears  well 
justified  In  addition  to  being  a  pnmary  source  of  adenosine,  and  functioning  as  an 
agonist  via  interactions  with  its  own  discrete  receptors,  ATP  has  the  potential  to 
function  as  a  substrate  for  ectokinases  involved  m  long-term  potentiation  ”  Punne 
nucleotides  can  modulate  binding  to  A,  receptors  in  rat  brain  membranes  in  a  con¬ 
centration-dependent,  biphasic  manner”  An  initial  inhibition  of  binding  due  to  ATP- 
dependent  adenosine  formation  was  followed  at  higher  concentrations  (>100  ^M) 
by  a  stimulation  of  binding.  This  stimulation  may  involve  a  P;y  receptor. 

Adenosine  can  modulate  cyclic  AMP  formation,  phosphatidyl  inositol  turnover, 
and  calcium  mobilization,  as  well  as  directly  regulate  potassium  channel  activity”” 
The  consequences  of  these  activities  arc  alterations  in  nerve  tissue  responsiveness  as 


TABLE  I.  Purine  Receptor  Types 


Receptor  Type 

Selective  Agoni$t(s) 

Antagonist(s) 

A, 

CCPA*  >  CPA  =  CHA 

XAC,  CPX,  CPT 

COS  21680 

CGS  15943,*  PI>  115,199* 

P.T 

2.MethylthK>-ADP  >  ADP 

ATP.  AMP 

P.X 

a, ^-Methylene  ATP  >  ATP 

L-Adenosme-5'-(^,'y-raethylene)  triphosphate 

ANAPP/ 

P.y 

2.Methyllhio-ATP  >  >  ATP  > 

Adenosine- 5‘-(2>fiuorodipho$pbate) 

Reactive  blue  2 

P» 

ATP*-  >  ATP 

*  CCPA*  2-Chloro-iV*-cyclopentyUdenosmc. 

*CGS  15943'  9-Chloro-2-(2-furyl)II,2,4|tna2ol<^l,5-cJquinazohn-5-amme 
*PD  115,119  l,3-D]propyl*8«phenyUanthine suironamide congener 
'ANAPP,*  3'-(>-|3(iV-(4'Azido-2-mtrophenyl)ammo)propionyI}  ATP. 
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well  as  a  generalized  inhibition  of  neurotransmitter  release  via  A|  receptor  activation. 
A  decrease  in  calcium  availability  for  stimulus  secretion  coupling  or  an  effect  on 
potassium  conductance  may  account  for  the  ability  of  adenosine  to  modulate  trans* 
mitter  release.  Among  the  transmitters  whose  release  is  affected  by  adenosine  are 
norepinephrine,  dopamine,  serotonin,  acetylcholine,  GABA,  and  glutamate.  Given  the 
putative  paracnne  homeostatic  role  of  the  punne  nucleoside,’^  the  ability  of  adenosine 
to  modulate  the  release  of  a  number  of  transmitters  with  apparently  conflicting  actions 
(that  is,  glutamate  as  an  excitatory  transmitter  and  GABA  as  an  inhibitory  effector), 
as  well  as  function  within  the  context  of  autoreceptor  regulation  of  transmitter  release, 
has  been  difficult  to  place  in  perspective’^  Many  of  these  studies  were  conducted 
either  in  vitro  or  using  exogenously  admin^tered  purine  nucleoside,  and  it  is  probable 
that  endogenous  adenosine  availability  subserves  a  far  more  discrete  function.  A 
discrete  effect  of  adenosine  on  glutamate  and  aspartate,  but  not  GABA  release,  has 
been  found  in  rat  hippocampal  slices.^’ 

ATP  can  also  alter  phosphatidyl  inositol  turnover,  potassium  conductance,  and 
the  opening  of  voltage-dependent  calcium  channels.”  receptors  in  the  endothelium 
mediate  vasorelaxation  via  the  release  of  endothelium-denved  relaxing  factor 
(EDRF).”  In  the  liver,  ATP  has  glycogenolytic  activity.” 


BEHAVIORAL  ACTIONS  OF  ADENOSINE  AND  ATP 


The  initial  studies  of  Feldberg  and  Sherwood  in  the  1950s”  demonstrated  the 
sedativc/hypnotic  actions  of  ATP  when  administered  into  the  brain,  a  finding  rep¬ 
licated  by  many  workers  using  both  peripheial  and  central  routes  of  administration 
ATP  has  been  shown  to  have  excitatory  effects,  however,  when  applied  to  cortex  and 
spinal  cord  neurons  In  the  initial  studies  of  Phillis  and  co-workers,”  a  biphasic 
response  was  noted,  an  initial  excitatory  response  ascribed  to  an  effect  of  the  poly¬ 
phosphate  side  chain  followed  by  a  depression  of  cell  firing  presumed  to  be  due  to 
adenosine  formation.  This  action  was  also  accompanied  by  a  decrease  in  locomotor 
activity.  Because  of  the  profound  effects  of  adenosine  in  decreasing  blood  pressure,  a 
decade-old  controversy  has  addressed  whether  the  in  vivo  actions  of  adenosine  on  CNS 
function  are  indirectly  mediated  via  penpheral  effects  on  cardiovascular  and  respiratory 
function.  Despite  many  elegant  studies  predicated  on  comparisons  of  systemic  versus 
central  administration  of  adenosine  and  vanous  stable  analogues  and  the  use  of  xan¬ 
thine  antagonists  that  are  unable  to  cross  the  blood-bram  barrier,  this  issue  has  yet 
to  be  convincingly  resolved.  It  is  further  compounded  by  the  central  actions  of  aden¬ 
osine  in  regulating  cardiac  function  and  respiration.*^’®  An  analogue  of  CGS  21680, 
the  A2-selective  agonist,  has  been  found  that  is  less  acidic  and  hence  more  likely  to 
cross  the  blood-brain  bamer.  This  analogue  has  pronounced  effects  on  cardiac  output 
that  can  only  be  explained  in  terms  of  a  dir^t  CNS  action.*®  Adenosine  can  alter 
scheduled-controlled  responding”  and  can  elicit  a  discnmitive  cue”  Much  of  the 
behavioral  work  on  adenosine,  however,  has  derived  from  studies  on  the  psychostim¬ 
ulant  actions  of  the  methylxanthme,  caffeine.*  Caffeine  is  a  locomotor  stimulant  and 
can  be  self-administered  Like  adenosine,  many  of  the  actions  of  the  alkyixanthines 
can  be  interpreted  in  terms  of  effects  on  neurotransmitter  release,  in  this  instance  the 
xanthine  acting  to  antagonize  the  inhibitory  tone  imposed  by  the  purine  nucleoside 
and  increase  transmitter  release 
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ADENOSINE  IN  CNS  FUNCTION 


Many  of  the  studies  implicating  adenosine-related  systems  in  a  wide  range  of  CNS 
pathophysiologies  have  been  dependent  on  observations  of  the  effects  of  known  drugs 
on  adenosine  systems  (uptake,  receptor  interactions)  or  the  effects  of  exogenous 
adenosine  agonists  and  antagonists  on  the  actions  of  known  drugs  Because  many 
CNS-active  entities  have  poorly  understood  mechanisms  of  action,  both  acutely  and 
in  a  chronic  context,  a  confusing  picture  has  emerged,  especially  m  light  of  the  many 
effects  of  adenosine  that  may  occur  indirectly  via  modulation  of  transmitter  release 
This  has  represented  a  major  problem  m  regard  to  the  CNS  as  a  target  for  drugs 
acting  via  adenosine  systems  except  in  instances  where  major  traumatic  insults  (stroke, 
convulsive  episodes)  have  caused  dramatic  changes  in  the  extracellular  availability  of 
adenosine 


Epilepsy 


At  high  doses,  caffeine  has  convulsant  and  proconvulsant  activity  "  In  contrast, 
adenosine  can  prevent  audiogenic,”  chemically,  and  clectncally  induced”'*’  convulsant 
activity  As  might  be  anticipated  in  view  of  the  hypoxia  associated  with  convulsive 
episodes,  adenosine  levels  are  markedly  increased,”  and  it  has  been  proposed  that  the 
punne  acts  as  an  endogenous  anticonvulsant.”  Adenosine  has  also  been  implicated  in 
the  mechanism  of  action  of  the  barbiturate  anticonvulsants,**  carbamazepme,®’  as  well 
as  the  benzodiazepine  (BZ)  anticonvulsants*^ 


Anxiety 


Caffeine  is  a  well-known  anxiogenic.  Following  the  discovery  of  the  central  BZ 
receptor,  the  metabolic  product  of  adenosine,  int^inc,  was  identified  as  a  ligand,  albeit 
weak,  for  the  BZ  receptor.**  Xanthines  can  antagonize  the  electrophysiological  and 
behavioral  actions  of  the  BZs  as  well  as  their  sedative  actions.***'  Chronic  treatment 
With  the  methylxanlhines  can  upregulate  A,  receptors**  and  uncouple  the  functional 
state  of  the  central  BZ  receptor  complex.*’  Conversely,  diazepam  can  potentiate  aden- 
osine-mediated  depression  of  cell  finng,**  and  has  been  reported  to  block  adenosine 
uptake,**  whereas  the  anxiogenic  /^-carbolines  can  block  the  depressant  actions  of 
adenosine.*'”  The  finding  that  the  BZ  receptor  antagonist,  anexaie  (Ro  15-1788),  can 
block  caffeine-induced  seizures reinforces  the  relationship  between  adenosine  and 
the  BZs,  as  does  the  observation  that  the  BZ  inverse  agonist,  CGS  8216,  is  also  an 
adenosine  antagonist”  and  in  fact  led  to  CGS  15943  The  finding  that  the  peripheral 
BZ  receptor  ligand,  Ro  54864,  can  also  interact  with  punne-modulated  systems  does 
cast  doubt  on  the  robustness  of  the  BZ/adenosine  hypothesis,  but  there  is  a  convincing 
body  of  evidence  that  adenosine  and  the  centrally  active  BZs  share  some  degree  of 
commonality  in  their  actions  Both  the  BZs  and  adenosine  interact  with  the  oldest 
known  anxiolytic  of  all,  alcohol  ”  and  adenosine-stimulated  adenylate  cyclase  activity 
in  the  NG  108-15  neuroblastoma  cell  line  has  been  used  as  a  m^el  of  acute  alcohol 
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intoxication,  tolerance,  and  dependence.’*  These  data  are  summarized  in  Table  2. 
Continued  work  in  elaborating  this  relationship,  either  in  regard  to  adenosine  systems 
mediating  sedative  actions  of  the  BZs  or  in  the  context  of  a  discrete  anticonvulsant 
effect  of  the  BZs  distinct  from  their  anxiolytic  actions,  may  clanfy  the  existing  body 
of  evidence.  However,  based  on  the  effects  of  Ro  5-4864  and  the  involvement  of  the 
peripheral  BZ  receptor  in  the  modulation  of  cardiac  function,”  it  may  be  premature 
to  limit  such  studies  to  the  CNS 


Sleep 


Following  from  the  work  of  Fcldbcrg  and  Sherwood,*’  the  hypnotic/sedative 
actions  of  adenosine  and  ATP  have  been  extensively  studied.”  Adenosine  agonists 
suppressed  REM  (rapid  eye  movement)  sleep,  decreased  waking,  increased  deep  slow- 
wave  sleep,  and  increased  total  sleep  time.  Sleep  deprivation  for  48  hr  caused  an 


TABLE  2,  Comparison  of  Actions  of  BZs  and  Adenosine 


Pharmacological  Action 

BZs 

Adenosine 

Anxiolytic 

+  -f  + 

•f? 

Anticonvulsant 

+  +  -f 

-h  + 

Stress 

+  + 

+  + 

Sedative 

-h-f 

+  +  + 

Alcohol  interactions 

+  + 

+  + 

Muscle  relaxation 

+  + 

+  +  + 

Inhibitory  role  in  CNS 

•f 

+  -h  +  + 

'  BZs  act  via  potentiation  of  the  actions  of  GABA. 


upregulation  m  brain  A,  receptors  ”  The  nucleoside  transport  inhibitor,  mioflazinc, 
which  increases  the  concentration  of  adenosine  m  the  extracellular  milieu,  is  currently 
in  clinical  trials  as  a  hypnotic  agent  ” 


Pain 


Studies  implicating  adenosine  as  a  mediator  of  the  pain  process  have  been  con¬ 
troversial.  In  some  instances,  adenosine  has  been  implicated,  via  the  effects  of  caffeine, 
as  a  nociceptive  factor.’*  In  others,”’’*  adenosine  appears  to  be  an  antinociceptive 
agent.  The  central  effects  of  morphine  appear  to  be  dependent  on  adenosine  release,'^ 
whereas  in  the  spinal  cord”  the  antinociceptive  actions  of  the  opiate  involve  adenosine 
release  from  primary  afferents  in  the  dorsal  horn  An  Aj  receptor  mechanism  appar¬ 
ently  mediates  the  spinal  actions  of  the  punne  ”  Increases  in  A,  receptor  density  have 
been  reported  in  morphine-dependent  mice.” 
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Depression 


In  animal  models  of  depression,  adenosine  receptors  are  upregulated,'*  whereas  in 
the  behavioral  despair  test,  potentiation  of  adenoi'ine  actions  via  inhibition  of  uptake 
can  increase  the  immobilization  penod'*— an  action  blocked  by  administration  of 
either  methylxanthines  or  tncyclic  antidepressants  The  latter  agents,  at  high  concen* 
trations,  have  been  reported  to  facilitate  aden<»ine  release*^  as  well  as  potentiate  the 
effects  of  exogenous  adenosine/’  Chronic  electroconvulsive  treatment  or  ECT,  a  routme 
measure  used  to  treat  chronically  depressed  patients,  can  upregulate  A,  receptors  “ 
Chronic  antidepressant  treatment,**  however,  has  no  effect  on  A|  receptor  binding.  A 
novel  nonxanthine,  aminotriazolol[4,3-a]quinoxaline  adenosine  antagonist  has  recently 
been  in  clinical  trials  as  an  antidepressant,*^  but  for  unspecified  reasons  appears  unlikely 
to  be  developed  as  a  therapeutic  entity. 


Basal  Nucleus  Function 


The  relationship  between  adenosine  and  central  dopamine  systems  is  complex  and 
may  involve  effects  of  the  purine  on  dopamine  release  as  well  as  distinct  postsynaptic 
effects  As  with  many  of  the  central  actions  of  adenosine,  the  initial  studies  linking 
purines  and  dopamine  occurred  with  studies  on  methyixanthme  actions  Thus  these 
prototypic  adenosine  antagonists  were  found  to  enhance  dopamine  release*’  and  either 
induce  or  potentiate  rotational  behavior  m  the  classical  dopaminergic  stnatally  lesioned 
rat,****  Subsequent  studies**-*’  demonstrated  that  adenosine  analogues  could  decrease 
dopamine  synthesis  and  release  as  well  as  decrease  serum  prolactin  dopamine  levels,** 
the  latter  a  direct  measure  of  dopamine  receptor  activation.  Chemical  lesions  of  central 
dopaminergic  pathways  have  b^n  reported  to  both  decrease**  and  increase**  caffeine> 
stimulated  motor  activity,  a  paradigm  also  blocked  by  the  dopamine  antagonists, 
halopendol  and  pimozide.**  Apomorphine-mduced  rotation  in  unilaterally  lesioned 
rats  can  be  modulated  by  both  NECA  and  theophylline.’^ 

Psychomotor  stimulants  including  L-dopa,  pemoline,  amphetamine,  apomorphine, 
SKF  38393,  and  the  methylxanthines  can  induce  a  self-mutilation  behavior*  that  is 
reduced  by  intrastnatal  injection  of  adenosine  analogues  via  an  A^  receptor  mecha¬ 
nism  **  A  malfunction  in  purine  metabolism  is  the  basis  of  the  self-mutilation  behavior 
characterized  as  Lcsch-Nyhan  syndrome, ‘®‘  an  X-linked  recessive  disorder.  Interest¬ 
ingly,  this  disease,  like  mcthamphetamine-induced  neurotoxicity,  is  charactenzed  by 
a  marked  decrease  in  stnatal  dopamine.'^ 

Adenosine  agonists  have  putative  antipsychotic  agents  in  animal  models,’'’’  a  re¬ 
flection  no  doubt  of  their  ability  to  functionally  antagonize  dopamine  function  by 
inhibiting  release.  The  difference  in  dose  between  these  central  effects  and  the  ability 
of  the  agonists  to  decrease  blood  pressure  was  somewhat  low.  In  addition,  the  tests 
used  to  evaluate  their  antipsychotic  potential  were  those  used  for  classical  dopamine 
receptor  antagonists/autoreceptor  agonists  suggesting  that  the  same  limitations  oc- 
cumng  With  these  latter  agents  would  also  be  seen  for  adenosine  agonists. 
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Stroke 


A  reduction  in  blood  flov/  to  the  brain  can  lead  to  cell  death  due  to  the  release 
of  excitatory  ammo  acids  and  a  consequent  irreversible  and  fatal  influx  of  calcium 
into  neurons.  Agents  to  treat  the  consequences  of  stroke  have  become  a  major  focus 
in  neuroscience  research  Such  agents  include  free  radical  scavengers  (such  as 
superoxide  dismutase  and  the  lazaroids)/"  A^-methyhD-aspartate  receptor  antagonists 
(such  as  MK  801,  CGS  19755,  and  CGP  37849),  and  calcium  entry  blockers  An 
immediate  consequence  of  the  ischemia  resulting  from  the  reduction  in  cerebral  blood 
flow  is  an  increase  in  central  aden<»ine  levels  Accordingly,  a  number  of  groups 
have  evaluated  idenosine  agonists  for  their  eflectiveness  m  both  preventing  or  reversing 
hippocampal  cell  death  and  increasing  survival  in  a  variety  of  animal  models  with 
encouraging  results  Presumably  the  punne  is  acting  to  inhibit  the  release  of  the 
excitotoxin,  glutamate,  as  has  been  shown  in  model  systems/^  The  use  of  an  adenosine 
agonist  in  stroke  therapy,  in  addition  to  addressing  the  sequence  of  events  preceding 
cell  death  at  a  point  proximal  to  the  initial  tissue  insult,  also  has  as  an  advantage  the 
ability  to  rapidly  lower  blood  pressure.  If  this  latter  effect  could  be  brought  about 
without  a  reflex  effect  on  cardiac  outpuC  an  adenosine  agonist  or  potentiator  such 
as  AICA-nboside"®  could  be  the  most  beneflcial  agent  m  preventing  or  restncting 
stroke*related  cell  damage  As  an  additional  benefit,  the  role  of  adenosine  m  preventing 
neutrophihassociated  reperfusion  injury'"  could  aid  significantly  in  reducing  the  dam* 
age  potential  from  overactivation  of  the  brain’s  own  defense  systems 


Cognition 


The  central  stimulant  actions  of  caffeine  have  long  been  thought  of  as  a  model 
for  cognition  enhancement,  although  there  is  currently  little  evidence  to  suggest  that 
impaired  mental  functioning  m  old  age  is  due  to  an  increase  m  punnergic  tone 
Xanthines  increase  cerebral  blood  flow,"*  "'  thereby  increasing  oxygen  and  glucose 
supply  to  the  brain  '"Caffeine  causes  a  global  increase  in  functional  activity,"*  whereas 
the  I'substituted  xanthine,  HWA  285,  has  cogmtion>enhancmg  properties  in  human 
trials A  limitation  to  the  evaluation  of  adenosine  antagonists  in  humans  with  a 
major  incidence  of  cognitive  deficits,  that  is,  the  elderly,  has  been  the  complication 
with  the  cardiotonic  actions  of  adenosine  antagomsts—these  actions  may  be  expected 
to  compromise  cardiovascular  function.  On  a  lighter  note,  it  is  of  interest  that  the 
only  evidence  to  suggest  that  an  excess  of  adenosine  can  lead  to  marked  performance 
defleits  IS  anecdotal,  and  comes  from  the  guinea  pig,  which  various  expenmental 
paradigms  have  indicated  has  the  highest  functional  activity  in  terms  of  centra)  aden* 
osine  systems  For  those  who  have  worked  with  this  animal,  its  behavior  leaves  much 
to  be  d^ired,  and  might  be  considered  to  be  an  inappropriate  model  for  studying 
cognitive  impairment 


Substance  Abuse 


The  potential  involvement  of  adenosine  in  the  central  actions  of  ethanol,  opiates, 
psychostimulants,  and  antipsychotics  suggests  that  centra)  punne  systems  may  be 
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intimately  involved  m  the  mechanisms  underlying  substance  abuse.  The  involvement 
of  the  punne  in  regulating  the  limbic  dopaminergic  reward  systems  can  be  considered 
consistent  with  this  hypothesis  Although  initial  reports"^  showing  that  the  adenosine 
agonist,  phenylisopropyladenosine  (PIA),  could  stereoselectively  antagonize  phen* 
cyclidine  (PCP)  discrimination  were  shown  to  be  due  to  an  effect  on  PCP  pharma¬ 
cokinetics,"^  the  major  crisis  m  containing  substance  abuse  should  aid  in  focuring 
effort  on  establishing  whether  punnergic  systems  are  involved  in  the  substrates  of 
such  behavior. 


ADENOSINE  AND  ATP  AS  CNS  MODULATORS 


Although  It  IS  broadly  based  in  terms  of  the  number  of  CNS  behaviors,  the  role 
of  adenosine  (and  by  inference  that  of  ATP)  is  unequivocal.  In  terms  of  a  globalized 
homeostatic  role,  it  is  hardly  surprising  that  the  punne  appears  to  be  involved  in  a 
vanety  of  CNS  ^haviors  TTiis  has  been  taken  to  be  a  negative  in  developing  CNS- 
active  drugs  based  on  adenosine  agonism  or  antagonism,'"  but  given  the  still  limited 
understanding  of  the  interactions  between  the  vanous  neurotransmitter/neuromo- 
dulatory  systems  that  contribute  to  the  highly  subtle  nuances  of  behavior,  it  would 
not  be  surpnsing  that  central  punnergic  systems  act  as  the  master  network  for  cellular 
integration,  not  only  neuronal  but  also  glial  and  systemic.  As  a  comparative  example, 
the  centrally  active  BZ  agonists  are  effective  in  the  treatment  of  anxiety  nd  epilepsy, 
whereas  the  BZ  antagonists,  anexate  and  CCS  $216,  are  central  stimulants.  The 
ubiquitous  rote  of  adenosine  in  interfacing  the  cellular  elements  of  the  diverse  organ 
systems  of  the  body,  all  of  which  are  necessary  for  survival  under  adverse  conditions, 
IS  a  factor  that  has  oeen  somewhat  undemmphasized  m  studies  related  to  the  role  in 
the  CNS  of  both  adenine  nucleosides  and  nucleotides 


PURINE  LIGANDS  AS  CNS  DRUGS 


As  noted,  a  considerable  number  of  the  therapeutic  agents  used  to  treat  CNS 
conditions  are  limited  both  in  terms  of  efficacy  and  safety  margins  A  major  effort  in 
industnal  CNS-related  research  is  to  denve  novel  entities  for  the  treatment  of  depres¬ 
sion,  epilepsy,  schizophrenia,  anxiety,  pain,  alcohol  and  substance  abuse,  sleep  dis¬ 
orders,  and  cognitive  and  neurodegenerative  disorders  In  several  instances,  effective 
treatment  is  either  inadequate  or  lacking  Accordingly,  every  neurotransmitter/neu- 
romodulator  identifled  in  the  brain  has  been  considered  as  a  potential  new  drug  target. 
Together  with  the  neuropeptides,  adenosine  has  a  wide  array  of  potential  actions  on 
CNS  function  none  of  which  have  been  realistically  amenable  to  evaluation  due  to 
both  a  lack  of  potent  and  selective  receptor  agonists  and  a  profound  effect  of  these 
on  cardiovascular  function.  A  novel  entity,  however  effective  in  treating  a  CNS  con¬ 
dition  without  the  limiting  side  effects  seen  with  currently  available  agents,  would  be 
severely  compromised  by  a  blood  pressure  lowering  effect  in  the  range  of  20-50  mm 
Hg.‘® 

A  major  strategy  in  drug  discovery,  however,  is  to  identify  receptor  subtypes  and 
design  selective  ligands  for  these  Expenence  has  shown  that  for  the  j3-adrenoceptor. 
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the  histamine  receptor,  and  a  vanety  of  others,  it  is  possible  to  differentiate  the  beneficial 
actions  resulting  from  modulation  of  a  transmitter  system  from  side  effects  or  liabilities 
by  targeting  receptor  subtypes  In  the  adenosine  arena,  work  has  only  just  begun  in 
the  isolation  of  the  A,  and  Aj  recq)tors.‘^'’'  Based  on  the  identification  (using 
molecular  biological  techniques)  of  a  number  of  receptor  superfamilies,  however,  it 
may  be  anticipated  that  the  number  of  adenosine  receptors  may  increase  by  an  order 
of  magnitude  by  the  end  of  the  century. 

Furthermore,  it  is  only  in  the  past  year  or  so  that  effective  and  selective  adenosine 
Aj  receptor  agonists  have  become  available  Accordingly,  many  of  the  studies  reviewed 
in  the  present  monograph  which  that  have  focused  on  the  A,  receptor  because  of  the 
compounds  available  will  require  reevaluation  in  terms  of  the  potential  role  of  the  Aj 
receptor.  An  important  goal  m  this  area  will  be  the  identification  of  nonpurine  agonists 
as  well  as  the  further  elucidation  of  the  role  of  "site-  and  event-specific"  adenosine 
potentiators,  including  nucleoside  transport  mhibitors^^  and  novel  entities  such  as 
AICA  nbosidc."® 

For  the  ATP  receptor,  it  is  only  in  the  past  five  years  that  the  persistence  and 
foresight  of  Bumstock  and  a  myriad  of  co-workers  has  led  to  an  increasing  phar¬ 
macological  perspective  on  the  role  of  ATP  in  cell  function.  A  major  limitation  to 
defining  this  role  in  greater  detail  has  been  the  scarcity  of  the  various  isostenc  and 
tsopolar  phosphonate  analogues  of  the  adenine  nucleotides  An  effort  to  redress  this 
situation  with  more  detailed  studies  in  vanous  target  tissues  will  do  much  to  bnng 
ATP  in  line  with  what  is  known  about  adenosine  Significant  progress  has  been  made 
in  the  last  decade.^* and  it  is  hoped  that  punnergic  drugs  will  be  the  result  of 
research  in  the  next. 
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INTRODUCTION 


There  is  an  increasing  body  of  evidence  suggesting  that  nucleotides  such  as  ATP 
can  serve  as  important  extracellular  factors  to  bring  about  significant  functional 
changes  in  phagocytic  cells.  For  instance,  ATP  and  its  analogues  (for  example,  aden* 
osine'5''(7'(3'thiotriphosphate).  or  ATPt^)  can  interact  with  neutrophils  to  cause 
increases  in  intracellular  calcium.'  *  This  appears  to  be  associated  with  “priming"  of 
these  cells  for  enhanced  superoxide  (O,  )  responses  to  agonists  such  as  chemotactic 
peptides.'^’*  Because  platelets  contain  and.  when  activated,  release  substantial 
amounts  of  ATP  and  ADP,  mammalian  systems  have  the  potential  for  dehvenng 
significant  amounts  of  adenine  nucleotides  to  sites  of  inflammation.  It  may  well  be 
that  in  VIVO  secretion  products  of  platelets  will  bring  about  an  amplification  of  oxygen 
radical  formation  by  phagocytic  cells,  and  so  intensify  tissue  injury  at  the  inflammatory 
site.  This  concept  is  supported  both  by  m  vitro  and  in  vivo  obwrvations.*^*  In  contrast 
to  ATP  with  n^pect  to  phagocytic  cells,  adenosine  has  an  opposing  effect:  suppression 
of  Oj  ~  responses  to  chemotactic  peptides.**  In  this  study,  we  have  assessed  the  effects 
of  ATP  (and/or  ATPyS)  and  adenosine  on  chemotactic  peptide  receptor  numbers 
and  affinities,  the  cell  membrane  content  of  CR3  (complement  receptor  HI,  or,  as 
defined  by  monoclonal  antibodies.  Mol  antigen  (CDllb)),  and  the  intracellular 
changes  in  calcium  induced  by  exposure  of  neutrophils  to  chemotactic  peptide 


‘’This  work  was  supported  m  part  by  Grants  iIL>31963,  GM<29S07,  and  HL> 34635  from  the 
National  Institutes  of  Health 
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MATERIALS  AND  METHODS 


Reagents 


Except  as  noted,  reagents  were  purchased  from  Sigma  Chemical  Company  (St. 
Louis,  MO)  ATPyS  was  obtained  from  Boehnnger  Mannheim  Biochemicals  (Indi* 
anapolis,  IN).  A^-formyI-Met-Lcu*[’H]Phe  ((*H]fMLP)  (56.9  Ci/mmol)  was  pur¬ 
chased  from  DuPont*New  England  Nuclear  Research  Products  (Boston.  MA) 


Preparation  of  Neutrophils 


For  most  studies,  neutrophils  were  prepared  as  previously  described.'^  Bnefly, 
blood  was  anticoagulated  with  Xo  volume  of  acid  citrate  dextrose  and  subjected  to 
centrifugation  (400  X  g.  15  mm,  room  temperature).  The  upper  layer  of  platelet-nch 
plasma  was  then  removed.  The  remaining  pellet  containing  red  blood  cells  and  leu¬ 
kocytes  was  diluted  1:1  with  phosphate-buffered  saline  ( 140  mM  NaCl,  1  mM  KH]PO«, 
5  mM  NajHPO*.  pH  7.3),  and  25*ml  aliquots  were  layered  over  15  ml  of  Ficoll- 
Hypaque  (specific  gravity  of  1.077)  Centrifugation  was  earned  out  (400  X  g,  30 
min),  and  the  upper  layers  were  aspirated,  leaving  the  red  cell  pellet  containing 
neutrophils.  Red  celts  in  the  cell  pellets  were  then  lysed  with  equal  volumes  of  150 
mM  NH«Ci  containing  1  mM  EDTA.  The  remaining  neutrophils  were  washed  with 
50  ml  of  phosphate-bufiered  saline  and  resuspended  in  Tns-bufiered  Hanks*  Balanced 
Saline  Solution  (H6SS)  and  used  immediatdy. 

The  second  method  of  neutrophil  preparation  was  similar  to  that  desenbed  pre- 
viou$ly.‘  with  the  exception  that  lysts  of  the  red  cell  pellet  was  omitted.  Bnefly, 
heparinized  whole  blood  was  diluted  1:1  with  6%  (w/v)  T-500  dextran  (Pharmacia, 
Piscataway,  NJ)  and  sedimented  a  I  X  g  f*  40  min.  Twenty-five  aliquots  of  the 
upper  leukocyte-nch  layer  were  layered  over  15  ml  of  Ficoll-Hypaque  (specific  gravity 
of  1.077)  and  centnfuged  (400  X  g,  30  min)  The  upper  layers  were  removed  by 
aspiration  and  the  neutrophil  pellet  was  washed  once  with  phosphate-buffered  saline 
and  used  immediately. 


K’Form)i'\fet’Leuf^HfPhe  Binding 


Neutrophils  suspended  in  binding  buffer  (140  mM  NaCl,  1  niM  KHiPO,,  5mM 
Na,HP04,  0  5  mM  MgSOf,  1.8  mM  CaCI^,  pH  7.3)  were  prewaimed  for  3  min  and 
then  exposed  to  either  10  pM  ATPyS,  10  pM  adenosine,  or  buffer  for  5  min.  Incu¬ 
bations  were  terminated  by  placing  the  cells  on  ice  followed  by  addition  of  phenyl- 
methylsulfonyl  fluoride  (1  mM).  [’H)fMLP  binding  was  earned  out  at  4*C  by 
incutoting  100  pi  of  cells  (8  X  10’  cells)  with  25  pi  of  (’H]fMLP  (3-300  nM)  and 
25  pi  of  either  buffer  or  cold  fMLP  (360  pM)  ARer  1-1.5  hr,  cells  were  harvested 
by  vacuum  filtration  over  glass  fiber  filters  (Whatman  GF/C,  Whatman  International, 
Maidstone,  United  Kingdom)  and  washed  with  binding  buffer  (4x4  rnl).  Filters 
were  dned  overnight,  scintillation  fluid  (Safety  0>unt,  Research  Products  Interna- 
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tional,  Mount  Pleasant,  IL)  was  added,  and  radioactivity  was  assessed  in  a  Beckman 
LS  5801  scintillation  counter  (Fullerton,  CA).  Nonspecific  binding  (uptake  of 
[  ^H]fMLP  in  the  presence  of  unlabeled  60  ;tM  fMLP)  was  usually  less  than  13%  of 
the  total  binding.  Scatchard  plots  were  obtained  with  the  aid  of  the  program  EBDA/ 
ligand  (Blsevier^Biosoft,  Cambridge,  United  Kingdom).  Analysis  of  [’H]fMLP  bind* 
mg  using  concentrations  of  2.5-200  nM  showed  no  significant  improvement  of  fit  for 
the  Scatchard  plot  using  a  two  receptor  site  model  over  a  single  site  (F  test,  p  >  .05 ). 


Response  of  Neutrophils 


Generation  of  ~  was  determine  by  the  superoxide  dismutase-inhibitable  re* 
duction  of  ferricytochrome  c  as  describ^  previously.^  Enhancement  studies  were 
performed  by  the  addition  of  prewarmed  cells  to  reaction  mixtures  containing  either 
ATP,  ATP-yS,  or  adenosine.  After  2  min,  fMLP  was  added.  For  experiments  involving 
cytoplasts,  a  preliminary  assay  of  Oj"  production  was  perform^  to  determine  the 
number  of  cells  necessary  to  generate  62*  in  amounts  that  would  be  the  same  for 
cytoplasts  and  intact  neutrophils.  This  adjustment  of  cell  number  allowed  for  com¬ 
parison  of  the  relative  enhancement  of  these  two  groups.  The  Oj"  responses  were 
comparable  between  intact  neutrophils  kept  on  tee  and  intact  neutrophils  exposed  to 
Ficoll  and  cytochalasin  B  under  conditions  similar  to  those  involved  in  cytoplast 
preparation  (data  not  shown). 


Neutroplast  Preparation 


Neutrophils  (10*)  were  suspended  in  10  ml  of  12.5%  (w/v)  Ficoll  solution 
containing  17.4  jaM  cytochalasin  B  at  37  *C.  This  was  layered  onto  a  discontinuous 
gradient  (10  ml  of  17%  Ficoll  and  10  ml  of  25%  Ficoll,  each  containing  17.4  /iM 
cytochalasin  B),  and  was  subjected  to  ullracentrifugation  at  34  *C  at  79,500  X  g  for 
30  mm.  The  band  of  neutroplasts  at  the  interface  of  the  12.5%  and  17%  Ficoll  layers 
was  aspirated,  diluted  to  50  ml  with  phosphate-buffered  saline,  and  centrifuged  at  725 
X  g  for  6  min.  The  pellet  was  resuspended  in  HBSS  and  used.  Enzyme  content  of 
neutroplasts  produced  in  this  manner  showed  less  than  3.5%  of  /^-glucuronidase  or 
vitamin  B,2  binding  protein  by  standard  assay  in  conformity  with  other  reports" 
Transmission  electron  microscopy  also  confirmed  granule  depletion  (data  not  shown). 


Statistical  Analysis 


The  data  was  expressed  as  the  mean  (x)  and  standard  error  of  the  mean  (SEM). 
A  paired  t  test  was  used  to  compare  the  response  between  two  treatments  Because 
of  the  vanability  of  specific  fluorescence  for  control  samples  in  different  experiments, 
CR3  (Mol)  fluorescence  data  was  compared  using  a  t  test  of  the  mean  log  values  of 
specific  fluorescence.  Statistical  significance  was  defined  at  p  <  .05. 
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Immunofluorescence  Analysis 


The  generation  and  characterization  of  murine  monoclonal  antibodies  anti'Mol 
(anti-CDl  lb,  IgG2a,  clone  44)  and  anti-13  (IgG2a;  clone  94)  have  been  descnbed.^’ 
Neutrophils  were  subjected  to  indirect  immunofluorescence  staining  for  the  expression 
of  the  Mol  determinant  relative  to  background  staining  by  an  isotype-identical  negative 
control  antibody  (anti-13)  and  subjected  to  flow  cytometric  analysis  For  each  ex- 
penment,  specific  fluorescence  intensity  represents  the  computed  mean  channel  number 
(0-230  channels,  linear  scale)  of  cells  stained  with  the  anti-Mol  antibody  minus  the 
mean  channel  number  of  cells  stained  with  the  anti-13  reagent.  The  photomultiplier 
tube  setting  for  all  experiments  was  1000. 


Changes  in  the  Concentration  of  Intracellular  Calcium 


Measurements  of  {Ca^*],  using  the  fluorescent  probe  fura-2  were  described  pre¬ 
viously.^  Briefly,  neutrophils  were  suspended  in  Hepes  buffered  saline  (2  mM  CaClj. 
1  mM  MgCh.  10  mM  glucose),  load^  for  15  min  at  37  *C  with  20  ^M  fura-l-AM 
(the  acetoxymethyl  ester  of  fura-2,  Calbiochem,  La  Jolla,  CA).  and  then  loaded  for 
an  additional  15  min  afler  a  10-fold  dilution.  The  cells  were  centrifuged  and  resus¬ 
pended  in  buffer  and  stored  on  ice  until  use  Changes  in  (Ca*^  ], -dependent  fluorescence 
were  measured  in  a  Perkin-EImer  LS-5B  luminescence  spectrometer  using  a  thermally 
equilibrated  cuvette  holder  at  37  *C  Changes  m  (O’* ),  were  determined  as  previously 
described.’ 


RESULTS 


Effects  of  ATP  and  ATPyS  on  Superoxide  Response  of  Neutrophils  Prepared  by  Two 
Different  Methods 


Because  the  usual  procedure  of  isolating  neutrophils  from  human  blood  includes 
the  lysis  of  red  cells  by  addition  of  NH^Cl,  the  ability  of  ATPyS  to  enhance  Oj' 
responses  in  fMLP-stimulated  cells  was  evaluated  m  neutrophils  prepared  by  addition 
or  omission  of  the  fluid  used  to  lyse  red  celb  (150  mM  NH4CI).  Neutrophils  (1  X 
10*/ml)  were  then  stimulated  with  100  nM  fMLP  in  the  presence  of  increasing 
concentrations  of  ATPyS,  and  the  O,"  responses  were  measured  (Fio.  1).  As  is 
evident  from  the  data,  the  addition  of  ATPyS  caused  the  production  of  0^'  to  be 
enhanced  in  a  dose-dependent  manner,  but  there  was  a  remarkably  amplified  enect 
on  Oj  ~  production  in  cells  that  had  not  been  exposed  to  the  lysing  solution.  In  this 
case,  there  was  a  >  100%  increase  in  the  production  of  02~  as  compared  to  a  27% 
increase  in  cells  that  had  been  m  contact  with  the  lysing  solution.  Reasons  for  the 
difierences  are  not  understood.  In  all  subsequent  experiments  to  be  reported,  values 
were  obtained  using  neutrophils  that  had  b^n  isolated  m  the  conventional  manner 
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(using  the  lysmg  procedure),  because  contamination  of  neutrophils  with  red  cells  was 
incompatible  with  some  of  die  analytical  procedures. 

As  shown  in  Figure  2,  the  ability  of  ATP  and  ATPyS  to  prime  neutrophils  for 
subsequently  enhanced  Oj"  responses  was  proportional  to  the  concentration  of  nu¬ 
cleotide  employed.  Enhancement  in  the  responses  of  neutrophils  subsequently 
stimulated  with  100  nM  fMLP  was  found  in  the  low  /xM  dose  range  of  nucleotide. 
Although  the  ATP  effect  tended  to  reach  a  plateau  concentration  of  10  ^M,  the  effect 
of  ATPyS  was  mamtained  and  was  proportional  to  the  concentration  of  nucleotide, 
even  hi  100  ;xM  (Fio.  1). 

The  well-known  ability  of  adenosine  to  inhibit  responses  of  human  neutrophils 

is  shown  in  Figure  3  as  a  dose-response  relationship.  Neutrophils  were  expos^  to 
varying  concentrations  of  adenosine  at  37  for  2  min,  and  these  exposures  were 
followed  by  the  addition  of  100  nM  fMLP.  Production  of  Q,*  over  a  SO-min  period 
was  then  determined.  As  is  apparent  from  the  data,  the  inhibitory  effects  of  adenosine 
were  dose  related,  with  maximal  inhibition  found  at  a  concentration  of  1  )iM. 


FIGURE  1.  Enhancement  by  ATPyS  of 
0]~  responses  in  fMLP-stimulated  neu¬ 
trophils  as  a  function  of  whether  cells  had 
been  previously  exposed  to  0  1 5  M  NH4O. 
the  lysing  solution  for  RBCs 


Effects  of  ATPyS  on  Cakium  Changes  Induced  by  fMLP 


In  order  to  determine  if  the  priming  effects  of  ATPyS  night  be  related  to  a  greater 
increase  in  intracellular  calcium  after  cell  stimulation  with  fMLP,  human  neutrophils 
(5  X  10*)  that  had  been  preloaded  with  fura-2  were  first  exposed  to  25  ^M  ATPyS 
fbr  5  min  at  37  *C,  and  then  I  fxM  fMLP  was  added.  The  intracellular  calcium  levels 
were  continuously  monitored  in  a  spectrofluorometer.  For  convenience,  computed 
concentrations  of  intracellular  calcium  at  selected  time  points  were  used  for  graphic 
expression.  As  is  apparent  from  the  data  in  Figure  4,  the  intracellular  changes  in 
calcium  in  response  to  cell  contact  with  fMLP  were  indistinguishable  from  the  calcium 
changes  induced  in  fMLP-stimulated  cells  that  had  been  previously  exposed  to  ATPyS. 
When  the  two  sets  of  data  (from  ATPyS-  or  buffer-pretreated  cells^  were  compared, 
there  was  no  statistically  significant  differences  at  any  time  point.  Thus,  cells  that  are 
primed  with  ATPyS  do  not  demonstrate  a  different  pattern  of  increase  in  intracellular 
calcium  when  the  cells  are  subsequently  stimulated  with  fMLP. 
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FIGURE  2.  Do$e-response  relationships 
between  O,"  production  in  fMLP-stim- 
ulated  neutrophils  and  the  concentration 
of  (A)  ATP  or(B)  ATPyS. 


O  I 

O  o 

FIGURES,  Dose-response  relationship  of  m-  -  I 
hibition  by  adenosine  of  Or  m  fMLP-stimu-  2  & 
lated  neutrophils  c  J 
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F1GURE4.  Increases  in  intracellular  calcium  ^ 
in  IMLP'StimuIated  neutrophils  that  had  been  q 
pretreated  with  ATPyS  (25  ftM)  or  buffered  ^ 
salt  solution. 


In  order  to  determine  if.  under  the  experimental  conditions  employed,  calcium 
I  changes  might  be  at  a  plateau  and,  therefore,  any  ATPyS  effects  on  calcium  levels 

I  might  be  masked,  the  experiment  described  by  the  data  in  Figure  S  was  carried  out. 

Cells  were  exposed  to  either  25  fiM  ATPyS  or  buffered  salt  solution  for  5  min  at 
I  37  *C,  and  then  fMLP  over  a  wide  range  of  concentrations  was  added.  Changes  in 

I  intracellular  calcium  were  measured.  In  cells  incubated  5  min  at  37  *C,  the  “basal** 

I  concentrations  of  intracellular  calcium  were  6I.$  ±  3.3  and  62  3  ±  2.6  nM  in  primed 

I  (ATPyS'treated)  and  unprimed  cells,  respectively.  Thus,  the  levels  of  intracellular 

I  calcium  in  these  two  preparations  of  cells  prior  to  stimulation  with  fMLP  were 

indistinguishable.  When  cells  were  exposed  to  a  range  of  fMLP  concentrations 

i(10*'"-10*‘*  M),  the  increases  in  intracellular  calcium  were  the  same  in  the  two  sets 
of  cells  whether  they  had  been  previously  (5  min  earlier)  exposed  to  25  jtM  ATPyS 
or  to  buffered  salt  solution.  Thus,  at  no  concentration  of  fMLP  does  prior  cell  contact 
with  ATPyS  alter  the  maximal  increase  m  intracellular  calcium  induced  by  fMLP. 
I  In  whatever  manner  ATPyS  brings  about  enhancement  of  in  fMLP>stimulated 

I  neutrophils,  this  does  not  appear  to  be  related  to  exaggerated  increases  in  intracellular 

!  levels  of  calcium  induced  by  cell  contact  with  fMLP. 


FIGURE  5.  Peak  changes  in  intracellu* 
lar  calcium  in  neutrophils  exposed  to  a 
range  of  concentrations  of  fMLP,  as  a 
function  of  prior  exposure  of  cells  (5  min 
earlier)  to  buffered  salt  solution  or  25 
ATPyS 


fMLP  (M] 
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Effects  of  ATPyS  and  Adenosine  on  JMLP  Receptors  and  CR3  Content 


Consideration  was  given  to  the  pc^ibility  that  ATPyS  and  adenosine  may  alter 
neutrophil  responses  to  fMLP  by  causing  changes  in  fMLP  receptor  content  on  the 
surfaces  of  intact  neutrophils.  Accordingly,  after  the  neutrophils  were  pretreated  with 
10  adenosine  or  AlTyS,  the  cells  were  allowed  to  equilibrate  with  [’H]fMLP, 
and  the  specific  binding  of  the  radioactive  ligand  was  determined.  From  these  mea* 
surements,  the  number  of  receptors/cell  and  the  binding  aflinities  for  [  ^HJfMLP 
were  calculated.  The  results  of  these  studies  are  described  in  Table  1,  where  it  is 
evident  that  cell  contact  with  either  adenosine  or  ATPyS  resulted  in  a  small  (10-17%) 
drop  in  the  mean  number  of  receptors/cell  without  a  change  in  the  affinity  of  the 
binding  of  [  ^H]fMLP  to  the  neutrophils.  Because  it  is  known  that  agonists  (including 
fMLP)  for  neutrophils  will  cause  changes  in  the  content  of  the  cell  membrane  resulting 


TABLE  1.  Effects  of  ATPyS  and  Adenosine  on  PHJfMLP  Binding  to  Neutrophils* 


Experiment 

Matcnal  Added 
to  Neutrophils 

(’H)fMLP  Receptor 
Number/Cell 
(mean  ±  SEM) 

iC, 

(nM,  mean  ±  SEM) 

1 

Buffer 

13,183  ±  1790 

4.64  £  065 

Adenosine  (10  fiM) 

11,974  ±  1559* 

4  14  i  005' 

2 

Buffer 

16,530  ±  1438 

4.46  S  0.49 

ATPyS  (10  )»M) 

13,717  ±  1193' 

4.13  S  049' 

*  Denved  from  reference  10 

*As  compared  to  the  data  line  above,  p  <.007.  iV  *  7. 

'  As  compared  to  the  data  line  above,  p  is  not  significant. 
'  As  compared  to  the  data  line  above,  p  <02,  N  9 


from  fusion  of  secretory  granules,  cells  were  exposed  to  ATPyS  and  both  the  content 
of  CR3  and  the  fMLP  receptor  number  were  measured  in  cells  from  the  same  donor 
pool.  The  results  are  described  in  Table  2.  CR3  cell  content  (Mol  antigen,  CDl  lb), 
as  assessed  by  the  use  of  fluorescent  antibody  and  flow  cytometry,  was  greatly  increased. 
Consistent  with  the  data  in  Table  1,  the  number  of  fMLP  receptors  fell  by  27% 
when  cells  were  exposed  to  ATPyS  (Table  2).  These  data  indicate  that  ATPyS  has 
paradoxical  effects  on  CR3  and  fMLP  receptors  of  human  neutrophils  Because  it  is 
known  that  secretory  granules  contain  both  fMLP  and  CR3  receptors  and  that  granule 
fusion  to  the  cell  membrane  can  result  in  adduction  of  thc^e  receptors  to  the  surface 
of  the  neutrophil,’^  '’  the  data  in  Table  2  suggest  that  adduction  of  these  two  different 
receptors  to  the  cell  membrane  may  be  separately  regulated  The  findings  described 
in  Tables  1  and  2  do  not  point  to  a  consistent  pattern  of  change  in  fMLP  receptor 
content  as  an  explanation  for  why  ATPyS  and  adenosine  alter  responses  of 
neutrophils  stimulated  with  fMLP. 


i 
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Effects  of  ATPyS  and  Adenosine  on  Oj  Production:  Independence  of  a 
Requirement  for  Cytoplasmic  Granules 


Because,  as  discussed  above,  fusion  of  cytoplasmic  granules  to  the  cell  membrane 
of  the  neutrophil  can  change  Uie  composition  of  that  membrane,  the  question  was 
explored  as  to  whether  the  availability  of  cytoplasmic  granules  was  required  for  the 
enhancing  effects  of  ATPyS  and  the  inhibitory  effects  of  adenosine  on  Q  responses 
of  fMLP'Stimulated  celts  Accordingly,  neutroplasts,  which  lack  cytoplasmic  granules 
but  still  respond  to  fMLP  or  to  phorbol  ester  with  O]'  responses,  were  prepared  and 
used  in  amounts  that  produced  r^ponses  similar  to  those  of  SOO, 000/ml  neu¬ 
trophils  stimulated  with  100  nM  (MLP.  It  should  be  emphasized  that  these  studies 
employefi  neutrophils  and  neutroplasts  that  had  been  prepared  from  the  same  pool 
of  cells,  allowing  simultaneous  companson  of  Oj"  responses  of  neutroplasts  and 
neutrophils  As  is  evident  from  the  data  in  Table  3,  the  responses  of  fMLP- 
stimulated  neutrophils  and  neutroplasts  in  the  absence  of  ATPyS  or  adenosine  were 
similar  The  enhancing  effects  of  10  /iM  ATPyS  and  the  Inhibitory  effects  of  10  jxM 
adenosine  were  quantitatively  similar  in  the  two  cell  preparations  These  data  prove 
beyond  reasonable  doubt  that  however  ATPyS  and  adenosine  alter  "  responses  in 
fMLP-stimulated  cells,  the  presence  of  cytoplasmic  granules  is  not  required. 


DISCUSSION 


There  is  an  increasing  body  of  evidence  suggesting  that  adenine  nucleotides  and 
adenosine  may  be  important  m^ulators  of  cellular  responses.  ATP  (and  its  analogues) 
and  to  a  lesser  extent  ADP  will  cause  transient  increases  in  levels  of  intracellular 
calcium  immediately  after  cell  exposure  In  some  systems  it  is  known  that  this  phe¬ 
nomenon  IS  related  to  synthesis  of  inositol  phosphates  The  functional  significance  of 
these  changes  has  been  defined  in  neutrophils  where  it  has  been  demonstrated  that 
for  cells  first  treated  with  ATP,  and  then  exposed  to  the  chemotactic  peptide  fMLP, 
the  production  of  Oj "  and  the  extracellular  releasi'  of  lysosomal  enzymes  are  increased 
The  biological  relevance  of  these  observations  may  Iw  linked  to  the  finding  that  for 
human  neutrophils  stimulated  with  fMLP  or  with  immune  complexes,  in  the  presence 
of  intact  platelets,  platelet  lysates,  or  platelet  secretion  products,  the  generation  of 


TABLE  2  Effects  of  ATPyS  on  CR3  Content  and  fMLP  Receptors  of  Neutrophils* 


('HjfMLP  Receptor 

Matenal 

CR3  Content* 

Number/Ccll 

Added 

(mean  ±  SEM) 

(mean  ±  SEM) 

Buffer 

3  20  ±  060 

11,068  ±  2745 

ATPyS  (10  pM) 

966  ±  3  54' 

8,111  t  1828'' 

•'  Summanzcd  from  reference  10  {N  =  8) 

Specific  fluorescence  intensity  measured  by  flow  cytometry,  expressed  on  linear  scale 
'  As  compared  to  the  data  line  above,  p  <  03 
''  As  compared  to  the  data  line  above,  p  <  05 
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TABLE  3.  Oj'  Responses  of  Neutrophils  and  Neutroplasts  Stimulated  with  IML?” 


Preparation 

Employed 

Addition 

Oj"  Response 
(nmol/30  mm, 
mean  £  SEM) 

Significance* 

Neutrophils 

None 

7  1  ±  1  7 

ATPyS  (10  pM) 

91  ±  22 

p  <  04 

Adenosine  (10  fiM) 

t  W 

p  <  03 

Neutroplasts 

None 

7.4  i  1  0 

ATPyS  (10  /iM) 

101  ±  14 

p  <  002 

Adenosine  (10  jiM) 

27  i  06 

p  <  001 

*  Summarized  from  reference  10 

*  All  testa  for  significance  were  by  comparison  to  the  cell  preparation  to  which  there  were  no 
additions 


Oj  ~  IS  significantly  amplified  *  Also,  when  complement  activation  is  brought  about 
in  VIVO  by  infusion  of  cobra  venom  factor,  the  resulting  injury  of  pulmonary  micro- 
vascular  endothelial  ceils  is  greatly  attenuated  by  pnor  platelet  depletion.^  Because 
the  vascular  damage  in  this  model  is  known  to  be  directly  attributable  to  toxic  oxygen 
products  of  activated  neutrophils,  it  may  well  be  that  the  role  of  platelets  in  this 
inflammatory  model  is  in  part  linked  to  the  release  of  adenine  nucleotides,  which 
enhance  oxygen  radical  pr(^uction  by  neutrophils. 

Although  ATP-yS  causes  increas^  CR3  expression  on  the  plasma  membrane  of 
neutrophils,  it  has  the  opposite  effect  on  fMLF  receptor  number  (with  no  change  in 
receptor  affinity).  It  seems  likely  that  the  effects  of  ATP,  ATPyS,  and  adenosine  on 
fMLP-induccd  Oj '  responses  m  neutrophils  cannot  be  attnbuted  to  changes  in  fMLP 
receptor  content.  This  is  further  unders^red  by  the  fact  that  fMLP-induced  0^* 
responses  in  granule-deficient  neutroplasts  arc  fully  responsive  to  ATPyS  and  aden¬ 
osine,  even  though  granule  fusion  events  are  precluded. 

It  is  possible  that  ATP,  ATPyS,  and  adenosine  may  be  altering  a  late  step  in  the 
signal  transduction  pathway,  such  as  the  activity,  translocation,  or  proteolysis  of 
protein  kinase  C,  or  perhaps  a  direct  effect  on  NADPH  oxidase  Alternatively,  one 
or  more  of  these  adenine  compounds  could  be  causing  selective  enhancement  (by  ATP 
or  ATPyS)  or  inhibition  (by  adenosine)  of  diacylglycerol  production  from  a  phos- 
phatidylglycende  other  than  phosphatidylinositol,  such  as  phosphatidylcholine  In  this 
way,  there  would  be  no  change  m  the  amount  of  inositol  trisphosphale  formed,  but 
there  could  be  an  asymmcincal  generation  of  diacylglycerol,  higher  m  the  case  of 
ATP  (or  ATPyS)  followed  by  fMLP,  and  lower  in  the  case  of  adenosine  followed  by 
fMLP  The  evidence  assembled  to  dale  does  not  allow  a  distinction  to  be  made  between 
the  effects  of  the  adenine  compounds  on  early  or  late  steps  m  signal  transduction 
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DISCUSSION  OF  THE  PAPER 


L  L  Slakey  {University  of  Massachusetts.  Amherst.  MA).  I  am  struck  by  the 
similarity  between  the  relationship  of  nucleotides  and  adenosine  to  platelet  respon¬ 
siveness,  and  the  results  that  you  report  That  is,  in  the  platelet,  ADP  is  proaggregatory, 
and  adenosine  is  antiaggregittory,  and  you  find  that  ATP  and  ADP  enhance  the 
neutrophil  Oj'  response  and  that  adenosine  inhibits  it.  My  comment  spnngs  from 
the  hypothesis  that  the  pathway  of  nucleotide  hydrolysis  at  cell  surfaces  can  serve  as 
a  timer  Early  after  ATP/ ADP  release,  both  platelet  and  neutrophil  responses  are 
enhanced  As  adenosine  is  produced,  the  response  is  inhibited.  Both  the  platelet  and 
the  neutrophil  would  be  m  the  neighborhood  of  endothelial  cells,  and  the  endothelial 
ectonucleotidases,  unlike  those  on  some  ether  cell  types,  do  tend  to  create  a  distinct 
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time  gap  between  the  appearance  of  a  bolus  of  ATP  or  ADP,  and  the  generation  of 
an  adenosine*rich  milieu 

WARD'  The  brief  appearance  and  subsequent  disappearance  of  intravascular  ag* 
gregates  of  platelets  may  well  be  due  to  the  release  by  the  platelets  of  ATP  and  ADP 
ATP  and  ADP  are  metabolized  very  rapidly  to  adenosine,  which  then  results  m  the 
disaggregation  and  disappearance  of  the  platelets 

Y.  H.  Ehrlich  {College  of  Staten  Island,  New  York,  NY)\  My  questions  regard 
the  mechanism  of  action.  What  is  the  effect  of  ATP  an.  logues  other  than  ATP[S]? 
Could  the  measured  binding  of  ATPf^'S]  be  actually  or  partly  this  phosphorylation 
of  proteins  rather  than  binding? 

Ward:  Human  neutrophils  respond  with  1)  calcium  transients  and  2)  enhanced 
0]~  response  to  other  nucleotide  triphosphates  with  the  following  rank  orders  of 
potency:  1)  ATP  >  >  2.MC-S.ATP  >  AMP-PCP>;  2)  UTP  ^  ATP  >  ITP  > 
GTP  >  CTP.  Our  studies  with  ATP(”SJ  suggest  that  the  binding  is  reversible  (in 
an  excess  of  cold  ATP[S])  and  shows  no  covalent  thiophosphorylation  (as  determined 
by  SDS'PAGE)  Further,  examination  of  label  eluted  from  neutrophils  shows  that 
all  of  the  label  is  in  the  form  of  ATP[*^)  without  evidence  of  hydrolysis 

R.  F.  COLMAN  {University  of  Delaware.  Newark,  DE).  Is  the  protein  kinase  C 
system  involved?  Have  you  looked  at  specifi';  inhibitors  of  the  enzyme  for  effects  on 
the  potentiating  effect  of  ATP(S)? 

Ward:  The  endpoint  is  Or  production,  which  seemed  to  be  blocked  by  inhibitors 
of  protein  kinase  C.  Thus,  we  have  not  used  these  inhibitors  There  is  still  no  evidence 
either  for  or  against  the  ability  of  ATP[S)  to  modify  protein  kinase  C 

J.  S  Wiley  {Austin  Hospital.  Heidelberg,  Australia)  The  increase  in  CR3  expres* 
Sion  on  neutrophils  due  to  exposure  to  ATP(S)  is  impressive  Do  other  agonists  give 
increased  CR3  expression  of  the  same  magnitude? 

Ward.  Like  other  neutrophil  agonists  (such  as  formyl  chemostatic  peptide,  C5a. 
phorbol  ester,  and  calcium  ionophore  A23187),  ATP  causes  increased  expression  of 
CR3  by  fusing  secondary  granules  to  the  cell  membrane  ATP  carries  out  this  action 
in  a  dose-dependent  manner 
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INTRODUCTION 


Macrophages  are  involved  in  a  wide  variety  of  activities:  they  ingest  invading 
microorganisms,  senescent  erythrocytes,  and  other  cellular  debris';  secrete  over  one 
hundred  products  that  mediate  and  modulate  inflammatory  and  immune  responses^; 
and  initiate  specific  recognition  of  many  antigens  by  lymphocytes.’  Given  the  diversity 
of  tasks  that  macrophages  perform,  it  may  not  too  surprising  that  murine  mac* 
rophages  respond  to  extracellular  nucleotides  in  a  variety  of  ways,  possibly  making 
more  different  uses  of  these  extracellular  signaling  molecules  than  any  other  cell. 
Macrophages  therefore  provide  an  excellent  system  in  which  the  effects  of  extracellular 
nucleotides  can  be  studied.  At  present  we  can  measure  four  distinct  activities  elicited 
by  extracellular  nucleotides: 


1.  ATP*"*induced  pore, 

2.  Nucleotide*activated  receptor  mediating  calcium  mobilization. 

3.  Ectonucleotidase. 

4.  Ectokinase. 


This  paper  summarizes  our  current  understanding  of  these  different  ATP*mediated 
activities.  The  data  suggest  that  these  activities  are  mediat«l  by  distinct  plasma 


^Address  for  correspondence:  Washington  University  School  of  Medicine.  Department  of 
Medicine,  Dmsion  of  Infectious  Diseases,  Box  80$1,  660  South  Euclid  Avenue,  St.  Louts, 
Missouri  63110. 
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membi^e  nucleotide  receptors  or  enzyme.  The  selection  of  vanant  J774  cells  that 
sp^ifii^ly  lack  one  of  these  activities,  ATP^mediated  penneabilizat’  jn;-  has,  provided 
additional  support  for  the  hy^thi^is  that  ^ch  of> these' activities  resideiin  distinct 
inolecules.  The  cells  used  in  most  pf  these  experiments- were  taken  fronr the  J774 
inouse  macrophagedike  cell;line/' Qualitatively  similar  results  were  obtained  with 
thioglycollate-elicited  mou^  pentoneal  macrophages. 


EFFECTS  OF  ATP  ON  J774  CELLS 


In  1967  Cohn  and  Parks  demonstrated  that  exposure  of  macrophages  to  ATP 
caused  an  increase  in  the  number  of  phaseducent  vacuoles  within  the  cells.*  This 
report  led  Sung  cr  aL  to  explore  the  effects  of  ATP  and  other  nucleotides  on  membrane 
potential  and  ion  flux^  in  J774  cells.*  In  these  experiments,  millimolar  quantities  of 
extracellular  MgATP  caused  membrane  depolarization,  influx  of  extracellular  sodium, 
efflux  of  intracellular  pot^ium  or  rubidlumi  an  increase  in  (C.a^*]„  and  inhibition 
of  Fc  reccptor*mediated  phagocytosis/The  ATPdnduced  permeability  of  the  plasma 
membrane  to  monovalent  cations  was  profound:  in  cells  exposed  to  10  mM  MgATP 
forTO  min,  the  intracellular  Na^  and  concentrations  approached  those  of  the 
extracellular  medium.  Neither  adenosine,  AMP,  ADP,  nor  nucleoside  triphosphates 
other  than  ATP  altered  membrane  potential  W  permeability  of  the  plasma  membrane 
to  monovalent  cations. 

Most  intracellular  activities  that  utilize  ATP  require  the  presence  of  divalent 
cations,  or,  pul  another  way,  MgAW**  is  the  active  species  of  ATP  in  most  of  these 
reactions.  When  we  assessed  the  role  of  divalent  cations  in  ATP-induced  **Rb*  efflux, 
however,  we  found  that  Mg*^  and  Ca**  need  not  be  present  in  the  extracellular 
medium  for  ATP  to  induce  **Rb^  efflux,  and  that  divalent  cations  were  in  fact 
inhibitory,  as  depicted  in  Figure  !.  By  calculating  the  concentrations  of  the  various 
ATP  species  present  in  the  medium,  we'found  that  **Rb*  efflux  correlates  with  the 
concentration  of  ATP**,  and  that  efflux  is  elicited  by  less  than  100  fxM  ATP*”. 
Cockcroft  and  Gomperts  had  shown  that  ATP*”  is  the  species  of  ATP.  responsible 
for  permeabilization  of  rat  mast  cells.^  The  dependence  of  monovalent  cation  fluxes 
on  ATP*”  explains  why  millimolar  quantities  of  MgATP  were  required  in  the  studies 
mentioned  alMve,  as  only  a  small  fraction  of  the  extracellular  ATP  was  present  as 
the  relevant  species. 

We  further  characterized  ATP>mediated  plasma  membrane  depolarization  using 
electrophysiologic  techniques.*  Membrane  potential  in  single  cells  was  assessed  in  the 
whole  cell  patch  clamp  configuration.  ATP  was  introduced  into  the  medium  sur> 
rounding  the  patch^clamped  cell  from  a  second  pipette  placed  near  the  cell.  Figure 
2  shows  the  membrane  depolarization  that  occurs  when  ATP  is  applied  to  the  cell 
for  varying  lengths  of  time.  Membrane  depolarization  occurred  within  40  msec  of 
ATP  application,  and  approached  0  mV  as  ATP  was  applied  for  increasing  lengths 
of  time.  The  membrane  remained  depolarized  as  long  as  the  concentration  of  ATP 
in  the  medium  remained  elevated.  As  the  ATP  diffused  away  from  the  patched  cell 
the  membrane  potential  returned  to  —75  mV.  The  whole  cell  conductance  in  the 
presence  of  5  mM  ATP  was  10  nS,  and  had  a  reversal  potential  of  0  mV,  showing 
that  the  ATP-induced  increase  in  ionic  permeability  was  not  selective  for  specific  ions. 
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FIGURE  l.;Effect  of  e^traceUular  Mg**  on 
ATP*induce^  ’^Rb  *  effliut  in  J774’all»,'  Cells 
were  incubated  in  inedium  containing '5  fiM 
**RbCl  for  %  min,  w'ash^,  and  thw  incubat^ 
in  phosphate-buffered  saline  contiunlhg  vary¬ 
ing  concentrations  of  MgS04.  The  **Rb  *  efflux 
was  nie^ured  ^d  expressed  as  a  percetitage 
of  total  intracellular  '*Rb*.  Reproduced  from 
reference  20,-  by  pennissioh. 


ATP-MEDIATED  PERMEABILIZATION  OF  MACROPHAGES 


It 'had  previously  been  shown  that  rat  mast  cells’'*  and  transformed  mouse- 
fibroblasts'^"  become  permeable  to  nucleotides  and  sugar  phosphates  in  the  presence 
of  ATP.  Because  of  these  findings  and  our  own  observations  that  ATP*‘  induced 
both  monovalent  and  divalent  cation  fluxes  in  J774  cells,  we  tested  the  hypothesis 
that  ATP*~  caused  a  more  general  membrane  permeabilizatiqn  in  mouse  macrophages. 
We  found  that  a  variety  of  membrane-impermeant  fluorescent  dyes  were  able  to  gain 
entrance  to  the  cytoplasmic  matrix  of  these  cells  in  the  presence  of  extracellular  ATP. 
We  have  primarily  used  the  dye  Lucifer  Yellow  to  study  ATP*induced  pcrmeabilization 
(Fio.  3),  although  the  largest  molecule  wc  have  been  able  to  Introduce  into  J774  cells 
by  this  means  is  fura-2.'^  TTius  monovalent  cation  fluxes  and  membrane  depolarization 
induced  by  ATP  In  mouse  macrophages  are  not  caused  by  activation  of  specific  ion 
channels,  but  rather  are  due  to  the  more  general  pcrmeabilization  of  the  plasma 
membrane  to  a  variety  of  molecules  by  the  formation  of  a  ligand-operated  pore. 

The  general  features  of  ATP'mcdiated  pore  formation  are  similar  in  all  cells  in 
which  this  phenomenon  has  been  describe,  including  transformed  mouse  fibro¬ 
blasts,'^"  rat  mast  cells,’**  Chinese  hamster  ovary  cells,"  and  mouse  neuroblastoma 
cells'*  as  well  as  mouse  macrophages.  Only  ATP  and  a  few  nonhydrolyzalle  ATP 
analogues  induce  pore  formation,  whereas  other  nucleotide  triphosphates  pre  ineffec¬ 
tive.  Because  the  active  ATP  species  is  ATP*’,  pore  formation  is  enhanced  by  lowering 
the  extracellular  divalent  cation  and  hydrogen  ion  concentrations.  Pcrmeabilization 


FIGURE  2.  ATP-induc«d  depolarization  of  J774 
cells.  ATP  was  pulsed  for  varying  periods  of  time 
from  an  ejection  pipette  onto  a  J774  cell  main¬ 
tained  in  the  whole  cell  patch  configuration.  Re¬ 
produced  from  reference  8,  by  permission. 
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is  rapidly  reversed  when  ATP  is  removed  from  the  medium  or  when  sufficient  div^ent 
cations  are  added  to  bind  ATP*''Mn  cells'pdmMbilized  by  ATP,  a  variety  of  small 
mol^ules  can  be  introduced  into  the  cytoplasmic  matrix,  and  small  molecules  within 
the  cytoplasmic  matrix  can  escape  into  the  extracellular  medium. 

The  function  of  the- ATPdnduced  pore  in  macrophages  remains  a  mystery.  It 
would  seem  highly  counterproductive  for  cells  to  permit  the  major  pehurbation  of 
intracellular: homeostasis  that  occurs  during. ATP  permeabilization  of.the  plasma 
membrane.  One  heed  only  consider  that  ATP  permeabilization  allows  the  release  of 
the  intracellular  pool  of  nucleoside  triphosphates,  which  the  cell  generated  at  great 
Mpense.  A  clue  to  a  possible  role  of  this  phenomenon  may  be  Uie.size  of  the, pore, 


FIGURE  3.  Introduction  of  Lucifer  Yellow  into  the  cytoplasm  of  J774  cells  by  ATP  pennea* 
bilization.  J774  cells  adherent  to  glass  covenlips  were  incubated  in  medium  containing  0.3  mg/ 
ml  Lucifer  Yellow  and  3  mM  ATP  for  3  min.  These  cells,  alter  being  washed,  were  then  viewed 
by  fluorescence  microscopy.  Reproduced  from  referoice  12,  by  permission. 


which  functionally  appears  to  be  about  the  size  of  a  gap  junction.  Gap  junctions 
electrically  and  chemically  couple  adjacent  cells,  allowing  them  to  function  in  concert. 
Macrophages  perform  many  roles  that  involve  cell>cell  contact,  such  as  antigen  pre- 
sentation  and  cytotoxicity.  In  r^ponse  to  organisms  and  foreign  materials  that  are 
not  readily  degr^able,  they  may  fuse  to  form  giant  cells,  and  it  may  be  in  the  context 
of  such  activities  that  the  ATP  pore  makes  physiological  sense.  Because  these  cells 
can  form  tight  seals  and  strictly  delimited  compartments  both  with  substrates  to  which 
they  are  adherent  and  to  other  cells,  the  opening  of  a  pore  such  as  that  formed  in 
the  present  of  ATP  does  not  necessarily  expose  the  c^^osol  to  a  vast  extracellular 
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space.  Instead,  the  ATP  pore  may  form  only  in  a  strictly  delimited  compartment 
formed  by  the  apposition  of  two  cells.  If  both  cells  possessed  such  a  pore,  exchange 
of  cytosolic  constituents  might  ensue. 


NUCLEOTIDE-INDUCED  CALaUM  TRANSIENTS 


Although  permeabilization  of  the  plasma  membrane  as  described  above  causes  a 
rise  in  [Ca^^],  when  the  extracellular  medium  contains  calcium,  upon  further  inves¬ 
tigation  we  found  that  extracellular  ATP  causes  calcium  transients  by  an  additional 
mechanism  that  Is  independent  of  the  ATP-operated  pore  described  al^ve.*’  This  rise 
in  (Ca^^])  is  caused  both  by  a  release  of  calduiri  from  intracellular  stores  and  by  an 
influx  of  calcium  from  the  extracellular  medium.  Calcium  rises  induced  by  this  second 
mechanism  can  be  distinguished  from  calcium  influx  through  ATP-induced  pores  by 
several  criteria  (Table  1).  First,  the  quantity  of  ATP***  required  to  initiate  calcium 
mobilization  is  significantly  lower  than  the  quantity  of  ATP**  required  to  mediate 
ATP  permeabilization.  Increases  in  [Ca’^],  via  the  calcium>mobilizing  receptor  occur 


TABLE  1.  Characteristics  of  ATP-Induced  Permeabilization  and  Nucleotide-Activated 
Calcium  Mobilization  in  J774  cells. 


ATP-Induced  Pore 

Ca*Mobilizing  Receptor 

(ATPJ  required 

I0’‘M 

10-‘M 

Agonists 

ATP  >  ATPyS  > 
AMP.PNP 

UTP  >  ATP  >  ATPyS  > 
ADP  >  other  nucleotides 

ATP  species 

ATP** 

ATP*- 

Activity  in  ATPR  cells 

Absent 

Present 

at  concentrations  of  ATP  that  do  not  cause  membrane  depolarization  or  monovalent 
cation  fluxes.  Second,  while  the  ATP-induced  pore  responds  only  to  ATP  and  a  few 
ATP  analogues,  calcium  mobilization  can  be  elicited  by  many  other  nucleoside  Al¬ 
and  triphosphates.  UTP  is  the  most  potent  agonist  in  this  system.  As  with  the  receptor 
that  induces  ATP-mediated  permeabilization,  mobilization  of  [Ca^*^],  is  most  cflective 
in  the  absence  of  Mg**,  and  appears  to  be  caused  by  ATP*".  Thirf,  certain  ATP- 
resistant  cells  described  below  are  not  permeabilized  by  ATP,  but  do  retain  the  ability 
to  respond  to  extracellular  ATP  by  calcium  mobilization. 

Although  the  putative  receptor  that  mediates  ATP  permeabilization  is  present  on 
a  limited  number  of  cell  types,  the  receptor  that  mobilizes  calcium  in  response  to 
ATP  appears  on  a  wider  range  of  cells,  and  appears  to  correspond  to  the  P2Y  or  Pj^ 
receptors  descnbed  in  other  cells.  We  have  but  a  small  body  of  data  that  addresses 
the  physiologic  significance  of  this  receptor  on  macrophages;  however,  several  groups 
of  investigators  have  studied  the  efliects  of  adenine  nucleotides  on  monocytes  and 
polymorphonuclear  leukocytes,  and  have  shed  some  light  on  the  potential  uses  of  this 
receptor  by  cells  of  the  immune  system.  Altien  and  Edgington  have  shown  that 
exposure  of  human  monocytes  to  ADP  induces  the  expression  of  high-affmity  binding 
sites  for  coagulation  factor  X,  probably  through  upregulation  of  complement  receptor 
3  (CR3),  the  receptor  that  binds  the  Obi  component  of  complement,  by  these  cells.** 
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Similarly,  Freycr  and  colleagues  have  shown  that  ATP  and  nonhydrolyzable  ATP 
analogues  induce  increased  expression  of  this  complement  receptor  on  human  neu* 
trophils,  and  that  this  is  accompanied  by  increased  neutrophil  aggregation.'^  These 
findings  suggest  that  purinergic  receptors  on  phagocytic  cells  may  regulate  a  variety 
of  important  surface  adhesive  properties  on  these  cells,  such  as  adherence  of  monocytes 
to  vascular  endothelium,  regulation  of  intravascular  coagulant  activity,  and  binding 
of  phagocytes  to  pathogenic  organisms.  In  addition  to  these  effects  of  adenine  nu* 
cleotides,  Ward  and  co-workers  have  deiiionstrated  that  adenine  nucleotides  enhance 
the  generation  of  superoxide  anion  by  human  neutrophils  in  response  to  bacterial 
chemoattractants  or  immune  complexes."  These  workers  also  demonstrated  that  ATP 
and  ADP  released  by  platelets  had  a  similar  e0ect." 

Thus  there  are  several  effects  of  adenine  nucleotides  on  phagocytic  cells.  Although 
the  receptors  that  transduce  these  effects  have  not  been  identified,  it  is  reasonable  to 
speculate  that  the  calcium  mobilizing  nucleotide  receptor  described  in  J774  cells  is 
similar  or  identical  to  those  that  modulate  neutrophil  inunction  The  potential  roles  of 
these  eceptors  in  mediating  and  modulating  immune  and  inflammatory  responses 
remain  to  be  clarified. 


ATP-RESISTANT  CELL  LINES 


ATP-induced  membrane  permeabilizaiion  and  the  membrane  depolarization  and 
ion  fluxes  that  occur  as  a  consequence  of  this  change  in  permeability  can  be  reversed 
if  1774  cells  are  exposed  to  the  nucleotide  for  less  than  30  mm.  Exposure  of  3774  cells 
for  longer  periods  of  time,  however,  causes  cell  death,  presumably  due  to  the  massive 
alterations  in  the  intracellular  ionic  composition.  We  exposed  3774  cells  to  sufficient 
ATP  to  kill  >95%  of  the  cells  (10  mM  ATP  for  45  min  at  37  *C),  allowed  the 
remaining  cells  to  grow  to  confluence,  and  repeated  these  steps  until  the  cells  were 
no  longer  killed  by  ATP.”  Clones  of  cells  denv^  from  the  resulting  population,  called 
ATP-rcsistant  (ATPR)  cells,  do  not  become  permeable  to  the  membrane-impcrmeant 
dye  Lucifer  Yellow  when  exposed  to  concentrations  of  ATP  as  high  as  20  mM  "  ATP 
does  not  cause  membrane  depolarization*  or  “Rb^  efilux”inthcsecells  These  findings 
show  that  ATPR  cells  do  not  respond  to  ATP  by  pore  formation,  which  further 
supports  the  hypothesis  that  ATP  mediates  pore  formation  through  ligation  of  a 
specific  membrane  protein  and  not  via  a  nonspecific  cflecl  of  ATP  on  the  plasma 
membrane. 

ATPR  cells  are  not  deficient  in  other  ATP-mduced  responses.  ATP  causes  an 
increase  in  in  ATPR  cells  that  is  indistinguishable  from  the  nuclcotide- 

mediated  calcium  mobilization  in  wild-type  3774  cells"  Figure  4  compares  the 
calcium  transients  induced  by  500  pM  ATP  m  3774  cells  and  ATPR  cells.  In  both 
the  wild-typc  3774  cells  and  the  ATPR  cells,  ATP  induces  a  rapid  and  bnef  i  reasc 
in  (Ca^^],  by  causing  a  release  of  calcium  from  intracellular  stores.  In  ATPk  cells 
this  calcium  spike  is  followed  by  a  second,  less  pronounced  nse  m  [Ca^^  ]„  producing 
a  biphasic  calcium  response  This  pattern  is  similar  to  the  pattern  seen  m  wild-type 
cells  exposed  to  concentrations  of  ATP  that  are  sufficient  to  mobilize  calcium  but  not 
high  enough  to  permeabilize  the  cells.  In  wild-type  cells,  500  pM  ATP  causes  a  second 
calcium  spike  that  saturates  the  reporter  dye.  indicating  that  plasma  membrane  per- 
meabilization  has  occurred.  In  addition  to  possessing  functional  calcium-mobilizing 
receptors,  ATPR  cells  also  express  ecto-ATPasc  activity  ” 
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ATPR  cells  therefore  appear  to  be  deficient  m  only  one  of  the  activities  mediated 
by  extracellular  ATP  in  J774  cells.  The  charactenstics  of  these  cells  lend  support  to 
the  hypothesis  that  the  different  actions  of  extracellular  ATP  on  J774  cells  are  mediated 
by  distinct  plasma  membrane  receptors  Therefore,  these  cells  may  serve  as  useful 
tools  in  further  charactenzing  these  receptors. 


THE  ECTONUCLEOTIDASE  OF  MACROPHAGES 


Ectoenzymes  in  general,  and  ecto-ATPases  in  particular,  have  been  found  on  many 
cells;  the  ccto-ATPase  of  guinea  pig  polymorphonuclear  leukocytes  was  studied  in 
detail  fifteen  years  ago  by  DeFk^  and  Kamovsky;  they  defined  the  criteria  for 
ectoenzymes.^'  ”  Ecto-ATPasc  activity  has  subsequently  been  desenbed  on  many  other 
cells,  including  human  polymorphonuclear  leukocytes”  and  mouse  macrophages.^  As 
with  most  other  ectoenzymes,  biochemical  characterization  has  not  been  accompanied 
by  an  understanding  of  the  physiological  function  of  these  enzymes. 


FIGURE  4.  Calcium  transients  induced  by 
500  pM  ATP  m  ATPR  06  variants  (trace 
A)  and  wild*type  J774  cells  (trace  B)  Re¬ 
produced  from  reference  15,  by  permission. 
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J774  cells  possess  ecto-ATPase  activity  (apparent  of  350  fiM).  It  was  therefore 
natural  to  speculate  that  the  hydrolysis  of  extracellular  ATP  by  this  enzyme  was 
linked  to  the  other  membrane  events  that  were  induced  by  this  nucleotide.  We  tested 
this  hypothesis  by  comparing  the  requirements  for  ecto-ATPase  activity  with  those 
required  for  the  ATP*mediatcd  efflux  of  **Rb*.  These  studies  showed  that  the  ecto- 
ATPase  activity  was  unrelated  to  the  ATP-mcdiatcd  generation  of  monovalent  cation 
fluxes  ” 

First,  the  pharmacologic  profiles  of  these  two  activities  were  diflercnt.  Ecto-ATPase 
activity  of  J774  cells  was  inhibited  by  the  addition  of  other  nucleotide  triphosphates, 
including  ITP,  GXP,  and  CTP.  This  finding  implied  that  the  ectoenzyme  was  capable 
of  hydrolyzing  other  nucleoside  triphosphates  in  addition  to  ATP,  and  indeed  we 
showed  directly  that  GTP  was  as  good  a  substrate  for  the  ecto-ATPase  as  was  ATP 
This  enzyme  is  therefore  actually  an  ectonucleotidase.  As  mentioned  above,  of  all 
nucleotide  tnphosphates  tested,  only  ATP  induced  **Rb*  efflux 

Second,  ecto-ATPase  activity  and  ATP-induced  cation  fluxes  also  differed  in  their 
requirements  for  divalent  cations.  As  with  most  ATP-utilizmg  enzymes,  ecto-ATPase 
activity  had  an  absolute  requirement  for  Mg**  or  C^**,  in  contrast  to  the  inhibitory 
effect  of  divalent  cations  on  ATP-induced  ion  fluxes  and  membrane  depolarization. 
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Third,  the  ATPR  clones  mentioned  above  expressed  ATPase  activity  m  spite  of 
the  inability  of  ATP  to  elicit  membrane  depolarization  or  monovalent  cation  fluxes 
in  these  cells.  These  studies  provided  persuasive  evidence  for  at  least  two  different 
membrane  molecules  on  mouse  macrophages  that  responded  to  ATP,  they  suggested 
that  the  function  of  the  ectonucleotidase  may  be  to  limit  the  access  of  ATP  to  membrane 
ATP  receptors,  analogous  to  the  role  of  the  acetylcholinesterase  in  cholinergic  synapses 


ECrO-PROTEIN  KINASE  ACTIVITY  OF  MACROPHAGES 


Macrophages  also  possess  a  fourth  ATP*utilizing  activity,  an  ectopro^cm  kinase. 
RemoId«0’Donnell  described  this  activity  in  guinea  pig  macrophages,  and  showed 
that  both  exogenous  proteins  and  plasma  membrane  proteins  were  phosphorylated 
upon  the  addition  of  exogenous  ATP.“  Although  we  have  no  information  on  the 
nature  of  these  phosphorylated  membrane  proteins,  it  is  likely  that  phosphorylation 
of  membrane  proteins  affects  macrophage  function.  In  a  similar  fashion,  phosphoryl* 
ation  of  exogenous  proteins  provides  another  mechanism  by  which  macrophages  can 
interact  with  extracellular  matrix  proteins  in  their  environment. 


CONCLUSIONS 


Tticse  investigations  of  the  effects  of  extracellular  adenme  nucleotides  on  macro* 
phages  have  revealed  four  diHerent  cell  surface  activities  that  utilize  extracellular 
nucleotides;  they  suggest  that  macrophages  possess  different  membrane  proteins  that 
mediate  each  of  these  responses.  We  have  little  evidence  al  present  for  the  functions 
of  these  diverse  activities:  the  ectonucleotidase  of  these  cells  may  limit  the  access  of 
nucleoside  tnphosphates  to  the  other  receptors,  ATP-induced  calcium  mobilization 
may  regulate  surface  adhesive  properties.  Because  cells  with  which  macrophages 
interact,  especially  platelets*’”  and  endothelial  cells,**  not  only  secrete  but  respond 
to  extracellular  ATP,  dissecting  the  role  of  ATP  in  regulating  (he  function  of  mac* 
rophages  and  other  cells  of  the  immune  system  may  offer  many  insights  into  mflam* 
matory  and  immune  processes,  and  provide  new  opportunities  for  therapeutic 
interventions. 
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DISCUSSION  OF  THE  PAPER 


S.  P  SoLTOFF  (Tufts  University,  Boston,  MA)-  Regarding  the  selection  pressure 
used  to  generate  the  mutant  cell  line,  how  can  you  discriminate  between  the  idea  that 
the  selection  pressure  (long-term  exposure  to  ATP)  may  down-regulate  an  ATP-gated 
channel/pore  rather  than  down-regulate  a  receptor  that  may  promote  these  changes? 

Steinberg:  As  you  suggest, the  selection  pressure  only  selects  for  resistance  to 
permeabilization.  We  do  not  know  whether  the  resistant  cells  lack  the  receptor  that 
mediates  permeabilization  or  whether  the  defect  resides  elsewhere.  The  salient  point 
is  that  calcium  release  and  influx  via  the  nucleotide-mediated  receptor  is  intact,  and 
this  provides  a  way  for  us  to  distinguish  between  the  nucleotide  receptor  and  the 
ATP-induced  pore 

I  Friedberg  (Tel  Aviv  University,  Tel  Aviv,  Israel)-  In  our  studies,  m  collaboration 
with  Dr.  Leon  Heppe!  and  his  group,  we  found  that  transformed  mouse  fibroblasts 
were  permeabilized  by  ionophores,  indicating  that  dissipation  of  the  membrane  po¬ 
tential  influences  ATP-induced  cell  permeabilization.  Did  you  try  the  effect  of  ion* 
ophores  on  the  membrane  permeability  in  J774  mouse  macrophages? 

Steinberg-  We  have  not  specifically  used  ionophores  for  this  purpose.  Permea- 
bilization  in  J774  cells,  however,  can  be  earned  out  in  both  Na*-  and  K'^-containing 
medium,  suggesting  that  membrane  potential  is  not  a  cntical  factor. 

G.  Weisman  (University  of  Missouri,  Columbia.  MO)\  I  am  interested  in  the 
similanty  of  the  ATP-activatcd  pore  in  macrophages  to  an  ATP-activated  pore  in 
transformed  mouse  fibroblasts  (3T6  cells)  Leon  Heppel’s  group  and  my  group  have 
shown  that  cross-linking  benzoyl  benzoic-ATP  (Bz-ATP)  to  3T6  cells  caused  sub¬ 
sequent  formation  of  pores  m  these  cells.  Have  you  used  this  probe  in  macrophages? 

Steinberg.  We  have  not  used  Bz-AlP.  The  only  ATP  analogues  that  induce 
permeabilization  are  ATPyS  and  AMP-PNP. 

E,  Heilbronn  (University  of  Stockholm.  Stockholm.  Svveden)'.  Could  you  shut  off 
the  second  Ca**  increase  peak,  that  is,  the  influx  of  Ca^*,  with  any  known  Ca** 
channel  blocker? 

Steinberg.  W?  have  not  performed  these  studies  Would  Dr.  Di  Virgilio  like  to 
comment? 

F.  Di  Virgilio  (Institute  of  General  Pathology,  Padua.  Italy)-  Verapamil,  a  Ca** 
channel  blocker,  has  been  shown  to  decrease  Ca**  influx  through  the  ATP-operated 
channel  in  human  lymphocytes  We  have  made  the  same  observation;  however,  other 
Ca^^  channel  blockers,  such  as  nifedipine,  did  not  have  the  same  effect.  This  suggests 
that  the  effects  of  verapamil  are  not  specifically  due  to  its  known  action  on  the  voltage¬ 
gated  channels. 
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INTRODUCTION 


Although  shock  has  been  recognized  for  over  a  century,  a  clear  definition  of  this 
complex  pathophysiological  condition  has  evolved  slowly.'  Most  of  the  earliest  defi¬ 
nitions  of  shock,  although  accurate  to  a  certain  extent,  suffered  from  imprecision.'  A 
current,  precise  definition  desenbes  shock  as  “inadequate  blood  flow  to  vital  organs 
or  the  inability  of  the  body  cell  mass  to  metabolize  nutnents  normally.  Thus,  shock 
results  from  a  sustained  reduction  m  perfusion  of  capillanes  and  therefore  of  tissues 
and  organs.  Trauma,  myocardial  diseases,  major  operations,  and  severe  infections  all 
may  lead  to  shock  or  circulatory  collapse  Additionally,  repair  or  transplantation  of 
an  organ,  vessel  injury,  or  atherosclerosis  may  lead  to  ischemia  of  one  or  more  organs 
Under  such  conditions,  what  happens  to  an  organ  with  regard  to  function  of  its 
component  cells  and  what  happens  to  the  cell  of  an  organ  with  sufficiently  diminished 
blood  flow  becomes  a  cntical  senes  of  events  m  terms  of  survival  of  the  organ  and 
the  individual 

Because  of  prolonged  and  sustained  reduction  in  tissue  perfusion  dunng  shock, 
vanous  alterations  in  tissue  metabolism,  structure,  and  function  occur  at  the  systemic, 
cellular,  and  subcellular  levels  The  numerous  alterations  in  cellular  and  sul^ellular 
function  that  occur  following  shock  and  ischemia  have  been  dealt  with  in  detail 
previously^  and  therefore  will  not  be  described  here.  In  addition,  a  scheme  of  pro¬ 
gressive  cell  injury  with  insults  such  as  shock  and  ischemia  has  been  previously 
desenbed  ^  To  summanze,  it  is  sufficient  to  state  that  the  major  changes  dunng  shock 
occur  in  the  microcirculation,  affecting  cell  membrane  transport  and  function,  energy 
metabolism,  and  mitochondnal  function.  Such  progressive  and  interrelated  events 
eventually  lead  to  cell  swelling  When  such  swelling  has  developed,  blood  flow  cannot 
rapidly  return  to  normal  despite  fluid  resuscitation  Part  of  the  insult  under  such 
conditions  may  be  caused  by  continued  ischemia  related  to  endothelial  and  paren¬ 
chymal  ceil  swelling  along  with  sludging  of  blood.  Pharmacologic  interventions  which 
improve  blood  flow,  microcirculation,  and  cell  function  after  such  conditions  may  be 
necessary  when  volume  resuscitation  and  conventional  means  of  circulatory  support 
have  failed.^  In  this  regard,  many  pharmacologic  agents  for  the  treatment  of  shock 
and  ischemia  are  being  evaluated  ^  As  ATP  in  the  cell  exists  as  Mg-ATP,  however, 
this  article  will  focus  on  the  use  of  ATP  complexed  with  MgClj  as  an  adjunct  for  (he 
treatment  of  low-flow  conditions. 

**This  ttork  was  supported  by  Grant  GM  ROI  39519  from  the  National  Instilutes  of  Health 
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TREATMENT  OF  SHOCK  AND  ISCHEMIA 


Blood  or  fluid  administration  to  proAnde  or  maintain  an  adequate  vascular  volume 
during  the  early  stages  of  shock  is  often  sufficient  to  correct  the  problem.  If  fluids 
alone  are  not  successful,  then  the  use  of  inotropic  agents  to  increase  cardiac  output 
and  improve  blood  flow  may  be  required.’  Along  with  these,  various  adjunctive  agents 
and  approaches  such  as  administering  bufiering  agents,  vasoactive  agents,  steroids, 
and  other  means  of  circulat«^ry  support  have  been  used.’  If  the  foregoing  nonspecific 
treatment  of  circulation  becomes  meflcctive,  then  correction  of  specific  alterations  in 
cell  function  may  be  necessary. 

According  to  Stoner  and  Thrcifall/  shock  is  “the  state  following  injury  which  is 
characterized  by  a  fall  in  energy  production."  It  is  now  clear  that  metabolic  problems 
and  alterations  m  cell  function  occur  following  shock  and  low*flow  conditions.  In 
view  of  this,  an  exciting  area  of  clinical  and  animal  research  for  the  treatment  of 
shock,  now  and  in  the  future,  is  the  correction  of  various  metabolic  problems  and 
alterations  in  cell  function  that  occur  following  shock  and  low-flow  conditions.  If  a 
depressed  circulation,  such  as  that  occurring  with  hypovolemic  shock,  alters  cell 
functions  by  decreasing  membrane  capability  and  energy  (ATP)  production  within 
the  cell,  then  this  can  be  considered  a  kind  of  energy  cnsis  for  the  c.ell  and  vanous 
organ  systems.  Thus,  attempts  are  being  made  to  provide  for  these  needs  by  giving 
substrates  or  compounds  that  improve  energy  production  or  supply  within  the  cell 
following  adverse  circulatory  conditions.  These  include  the  use  of  hypertonic  glucose, 
increased  glycogen  stores,  and  other  approaches  such  as  administration  of  fructose 
1,6-diphosphate  and  mosine,  to  name  a  few.’ 

Before  proceeding  further,  it  is  pertinent  to  discuss  why  substrates  and  energy 
factors  are  important  following  shock.  In  this  regard,  a  common  feature  of  all  forms 
of  shock  is  thought  to  be  an  inadequate  circulation  with  diminished  blood  flow  to 
tissues.’  As  a  result  of  this  decreased  blood  flow  to  tissues,  hypoxic  conditions  prevail 
and  the  production  of  ATP  is  significantly  depressed  at  a  time  when  more  energy  is 
needed  to  protect  the  cell  against  the  insult.  In  addition,  with  reduced  flow  and 
perfusion,  the  availability  and  the  delivery  of  substrate  to  target  tissues  decreases,  and 
energy  production  is  further  compromise. 

The  essential  role  of  ATP  in  membrane  function,  carbohydrate  metabolism,  tissue 
respiration,  muscle  contraction,  and  supplying  energy  for  vanous  intracellular  reac¬ 
tions  IS  well  recognized  ’  It  is  clear  that  in  order  for  ATP  levels  to  be  maintained  in 
the  tissues,  oxidative  phosphorylation  must  continue.  This,  however,  is  not  the  case 
dunng  low-flow  conditions  because  oxygen  delivery  as  well  as  substrate  delivery  to 
tissues  is  decreased  ’  Moreover,  because  glycolysis  cannot  match  ATP  production  in 
relation  to  its  utilization  dunng  shock,  the  cellular  adenine  nucleotide  levels  decrease 
under  such  conditions.’ 

Although  provision  of  a  number  of  the  above-mentioned  substrates  dunng  shock 
may  augment  cellular  energy  levels,  such  substrates  may  not  necessarily  improve  the 
microcirculation.  Other  agents  that  have  been  and  are  being  evaluated  include  angi¬ 
otensin-converting  enzyme  inhibitors,  aprotimn,  calcium  channel  blocking  agents, 
coenzyme  Q,o,  naloxone,  prostacycline,  r^uced  glutathione,  ribose,  stroma-free  hem- 
oglobulm,  free  radical  scavengers,  and  thromboxane  inhibitors.’  Although  sporadic 
beneflcial  effects  of  the  above  agents  have  been  reported,  detailed  studies  of  most  of 
these  agents  on  cellular  function  and  microcirculation  after  shock  have  not  been  earned 
out. 

A  number  of  studies  have  shown  that  tissue  ATP  levels  decrease  following  shock 
and  ischemia  and,  coincident  with  this  decrease,  that  there  is  altered  cellular  function  ‘  ’ 
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The  provision  of  substrates  dunng  shock  may  be  helpful,  however,  the  basic  problem 
during  low'flow  conditions  is  that  an  adequate  amount  of  substrates  cannot  reach  the 
target  tissues  because  of  reduce  blood  flow  Moreover,  because  the  metabolism  of 
substrates  (for  example,  glucose)  is  decreased  during  shock,’  it  appears  unlikely  that 
provision  of  substrates  per  $e  could  correct  the  cellular  and  metalwlic  alterations  until 
blood  flow  increases  In  this  regard,  it  could  be  postulated  that  the  provision  of  energy 
(that  IS,  ATP  or  creatine  phosphate)  that  does  not  have  to  pass  through  the  glycolytic 
pathway,  the  Krcb  cycle,  and  the  electmn  transport  chain  to  produce  ATP  may  be 
the  most  advantageous  and  direct  method  for  the  treatment  of  shock  and  ischemia 
when  fluid  and  vasoactive  agents  are  not  effective. 

Because  the  resynthesis  of  ATP  is  a  major  ratedimiting  factor  following  adverse 
circulatory  conditions,’  it  seemed  logical  that  the  most  direct  approach  for  raising 
tissue  ATP  levels  under  these  conditions  would  be  to  infuse  ATP  rather  than  administer 
agents  that  would  synthesize  it.  Such  an  approach  was  used  by  Talaat  and  associates,^ 
who  showed  that  ATP  infusion  before  or  dunng  shock  improved  the  survival  of 
animals  Subsequent  studies  by  Sharma  and  Eiseman^  showed  that  ATP  was  protective 
if  given  pnor  to  hemorrhage  but  that  it  was  not  protective  if  it  was  administered 
following  severe  hemorrhagic  shock.  Our  studies  extended  the  work  of  these 
investigators^’  by  introducing  one  essential  difference:  we  gave  MgClj  along  with 
ATP.’  ATP,  which  is  a  biological  complexing  agent,*  may,  when  given  alone,  chelate 
divalent  cations  from  the  vascular  system  and  produce  a  diflerent  hemodynamic  effect. 
Such  undesirable  effects  may  be  eliminated  by  giving  an  equimolar  amount  of  MgCl^ 
along  with  ATP.*  Moreover,  studies  have  shown  that  magnesium  m  vitro  and  m  vivo 
inhibits  the  deamination  and  dephosphorylation  of  ATP  by  tissues.*  Thus,  if  ATP  is 
given  along  with  MgCh,  a  higher  concentration  of  ATP  could  be  available  to  tissues 
than  when  ATP  is  given  alone. 

Although  many  pharmacologic  agents  are  being  evaluated,’  the  focus  here  will  be 
on  the  use  of  ATP'MgClj  as  an  adjunct  m  the  treatment  of  shock  and  ischemia.  Our 
hypothesis  has  been  that  ATP'MgCI:  can  help  parenchymal  cells,  both  directly  and 
through  an  improvement  in  microcirculation.  The  net  result  would  thus  be  an  im¬ 
provement  in  organ  blood  (low  and  an  amelioration  of  the  depressed  cell  membrane 
function  and  energy  metabolism  following  adverse  circulatory  conditions 


EITECT  OF  ATP-Mga,  ON  SURVIVAL  AND  ORGAN  FUNCTION 
FOLLOWING  SHOCK  AND  ISCHEMIA 


Studies  from  a  number  of  laboratones,  including  our  own,  have  shown  that  infusion 
of  ATP-MgCh  following  hemorrhagic  shock,*”'"  severe  bums,"  sepsis-peritonitis,’ 
postischemic  hepatic  failure,’  bowel  ischemia,"  and  endotoxic  shock'*"  significantly 
improved  the  survival  of  animals.  The  beneficial  effects  on  survival  following  shock 
were  not  observed  if  ATP  or  MgCl^  alone  or  adenosme-MgCl2  were  infus^.'d.’  From 
these  results,  it  could  be  concluded  that  ATP  together  with  MgClj  is  required  for  the 
treatment  to  be  effective. 

ATP-MgCli  has  been  shown  to  accelerate  the  recovery  of  hepatic  and  renal  function 
following  acute  hepatic’  and  renal  failure,’**  respectively.  ATP-MgClj  has  also  been 
shown  to  improve  skin  flap  survival."  **  Moreover,  studies  have  demonstrated  that 
kidneys  subjected  to  episodes  of  warm  ischemia  could  be  salvaged  by  the  addition  of 
ATP-MgCli  to  the  perfusate.*’  ATP-MgCI*  has  been  effective  in  hastening  renal  re- 
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covery  from  vanous  toxic  injuries.*®*’  Studies  have  also  suggested  that  ATP-MgClj 
may  ^  useful  in  preventing  ischemic  damage.**  ATP^MgCl^  appears  to  be  a  promising 
adjunct  to  cardioplegia  during  extended  penods  of  aortic  cross*clamping  necessitated 
by  complex  cardiac  procedures.**  Additional  expenments  indicated  that  infusion  of 
ATP-MgCl^  during  reperfusion  following  hypothermic  myocardial  ischemia  may  help 
ameliorate  the  reperfusion  injury.** 

Studies  were  also  conducted  to  compai%  the  effects  of  ATP'MgClj  and  adenosine* 
MgCl2  on  renal  function  following  ischemia.**  The  results  indicated  that  although 
adenosme'MgClj  treatment  provided  a  transient  improvement  in  renal  function,  it 
failed  to  provide  a  sustained  improvement  in  renal  function  or  attain  control  values 
compared  with  ATP-MgCl^.**  Such  findings  led  to  the  conclusion  that  the  salutary 
effects  of  ATP'MgCl^  following  warm  ischemia  in  the  kidney  also  are  not  mediated 
by  adenosine. 


EFFECTS  OF  ATP-Mga,  ON  ALTERED  CELLULAR  FUNCTIONS 
FOLLOWING  SHOCK  AND  ISCHEMIA 


Although  the  above*mentioned  studies  indicate  that  ATP'MgClj  administration 
improves  the  survival  of  animals  following  shock  and  ischemia,  the  issue  that  should 
be  discussed  is  whether  infused  ATP'MgCl^  corrects  the  abnormalities  in  cell  function 
after  shock  or  ischemia  The  studies  of  Kraven  et  al  **  have  shown  that  infused  ATP* 
MgClj  decreased  tissue  lactate  production.  Tliese  studies  have  also  suggested  that  the 
decrease  was  due  to  a  direct  intracellular  effect  of  administered  ATP.  Moreover,  the 
work  of  Machiedo  et  a!  **  has  indicated  that  treatment  of  animals  following  shock 
with  ATP*MgClj  returns  the  altered  membrane  permeability  toward  normal.**  Ad¬ 
ditional  studies  indicated  that  exogenously  administered  ATP'MgClj  can  reverse  the 
inhibition  of  ornithine  metabolism  and  the  changes  in  tissue  lactate  levels  during 
shock.**  Because  both  of  these  are  intracellular  ATP-dependent  reactions,  Machiedo 
et  al  **  were  led  to  conclude  that  ATP-MgCI,  administration  after  hemorrhagic  shock 
cither  replenishes  intracellular  ATP  levels  or  returns  the  altered  cell  membrane  per¬ 
meability  toward  normal  or  both.  In  this  regard,  results  from  our  laboratory  indicated 
that  administration  of  ATP-MgCl^  following  hemorrhagic  shock  significantly  increased 
tissue  ATP  levels.*  Additional  work  by  Garvin  et  al  **  indicated  that  cortical  ATP 
levels  were  restored  after  24  hr  in  both  perfused  and  cold  storage  kidneys  when  an 
intraaortic  infusion  of  ATP-MgCij  was  given  after  ischemia.  Moreover,  it  has  been 
shown  that  ATP-MgCl,  reverses  ischemically  induced  hepatic  cellular  edema,**’  im¬ 
proves  the  electrolyte  balance”  and  restores  the  depressed  hepatocellular  function 
after  ischemia  * 

Studies  from  our  laboratory  have  shown  that  following  hemorrhagic  shock,  the 
mitochondrial  respiratory  control  ratio  was  significantly  depressed  and  treatment  of 
animals  after  hemorrhagic  shock  with  ATP-MgCl^  resulted  in  restoration  of  the 
respiratory  control  ratios.*’  Infusion  of  ATP-MgCI,  after  hepatic  ischemia  and  reflow 
also  resulted  in  a  progressive  and  significantly  higher  adenine  nucleotide  translocase 
activity  in  liver  mitochondria,  but  neither  dopamine  nor  papavenne  (vasodilatory 
controls)  was  effective.**  In  addition,  mitochondnal  free  fatty  acids  and  calcium  levels 
increased  after  ischemia  and  reflow,  and  treatment  with  ATP-MgClj  resulted  in  sig¬ 
nificantly  lower  free  fatty  acid  levels  and  normalized  mitochondnal  calcium  levels.” 
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Thus,  mitochondrial  function  can  be  significantly  improved  by  treatment  of  animals 
with  ATP'MgCl]  after  shock  or  ischemia.  This  was  also  associated  with  significantly 
higher  hepatic  ATP  levels  and  energy  charge.” 

At  the  cellular  level,  infused  ATP-MgCh  has  been  shown  to  reverse  the  tissue 
insulin  resistance  in  skeletal  muscle  following  hemorrhagic  shock,’  and  to  improve 
the  sodmm-potassium  balance  m  the  liver  following  ischemia.’’”  These  functional 
changes  were  accompanied  by  changes  in  hepatic  ultrastructure,  which  deteriorated 
progressively  after  ischemia  and  reflow  in  sahne-treated  animals.”  With  ATP-MgCl^ 
treatment,  however,  the  hepatic  ultrastructure  was  normal  at  1  and  20  hr  after  reflow 
and  treatment.”  Studies  have  indicated  that  ATP^MgCl^  improves  hepatic  blood  flow 
following  hepatic  ischemia”  and  endotoxemia.”  The  eflects  of  ATP-MgClj  adminis¬ 
tration  on  hepatic  surface  microvasculature  after  ischemia  were  investigated  using 
intravital  fluorescence  microscopy.  Such  studies  demonstrated  that  ATP-MgClj  im¬ 
proves  hepatic  blood  flow  by  ameliorating  the  progressive  loss  of  perfused  capillaries 
seen  during  the  reperfusion.”  Thus,  ATP-MgClj  improves  microcirculatory  blood 
flow. 

Nuclear  magnetic  resonance  studies  of  isolated  kidneys  indicated  that  postischemic 
administration  of  ATP-MgCI^  corrects  the  intracellular  acidosis,  restores  the  tissue 
ATP  stores,  and  prevents  the  detenoration  in  perfusate  flow  that  occurs  following 
ischemia  and  reflow.”  Thus,  it  can  be  concluded  that  ATP-MgCl,  prevents  the  re- 
perfusion  injury. 

Recent  studies  by  Korthuis  et  al”  have  indicated  that  vascular  injury  m  dogs 
during  ischemia  and  reperfusion  can  be  prevented  by  pretreatment  of  the  dogs  with 
ATP-MgClj.  Studies  have  also  indicated  that  administration  of  ATP-MgCI^  not  only 
restores  immunoresponsivencss  after  bum  injury,*  but  also  restores  depressed  reti¬ 
culoendothelial  function  after  hepatic  ischemia*  and  sepsis-peritonitis.*  More  recent 
experiments  from  our  laboratory  have  indicated  that  the  decreased  interIeukin-2  levels 
following  hemorrhage  and  resuscitation  can  be  restored  if  ATP-MgCl^  is  given  to 
animals  following  hemorrhagic  shock.** 


MECHANISM  OV  THE  BENEFICIAL  EFFECTS  OF  ATP-MgClj 


Although  a  number  of  studies  have  clearly  shown  that  ATP-MgClj  increases 
intracellular  ATP  levels  and  improves  cellular  function  following  shock  and  ischemia,* 
It  is  pertinent  to  discuss  whether  infused  ATP-MgCl^  crosses  the  cell  plasma  mem¬ 
branes  or  whether  the  crossing  of  these  membranes  is  required  for  ATP-MgClj  to 
produce  its  vanous  beneficial  effects.  Although  a  large  number  of  studies  have  shown 
that  ATP  can  cross  the  cell  plasma  membrane,*^'  this  agent  may  not  produce  beneficial 
eflects  by  providing  a  large  amount  of  energy,  but  perhaps  by  catalyzing  improvement 
of  energy  production,  by  improving  the  microcirculation,  or  by  exerting  actions 
through  extracellular  effects  mediated  by  cel]  surface  ATP  receptors*  or  phosphoryl¬ 
ation  of  membrane  proteins  *  Although  the  precise  mechanisms  of  action  of  ATP- 
MgClj  are  not  entirely  clear,  the  available  information  clearly  indicates  that  infused 
ATP-MgClj  improves  cellular  function  directly,  through  long-term  improvement  in 
the  microcirculation,  not  simply  through  vasodilation,  as  produced  by  dopamine  or 
papavenne  ”** 
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IS  ATP  WITHOUT  MgQj  EFFECTIVE? 


Studies  have  shown  that  administration  of  ATP  or  MgClj  alone  following  hem¬ 
orrhagic  shock  or  hepatic  ischemia  failed  to  improve  the  survival  of  animals  and  the 
recovery  of  renal  function  following  renal  ischemia**”  Based  on  this  information,  it 
would  appear  that  ATP  together  with  MgCl,  treatment  following  shock  and  ischemia 
is  required  for  this  agent  to  be  effective  Because  ATP  and  ADP  in  t’^e  cell  exist  as 
magnesium  complexes,  and  because  most  ATP  reactions  require  not  only  ATP  as  a 
substrate  but  also  magnesium  as  a  cofactor,  it  is  possible  that  parallel  changes  in  the 
levels  of  these  two  substances  may  contribute  to  the  depression  of  cellular  functions 
observed  following  shock  and  low-flow  conditions  Additional  studies  from  our  lab¬ 
oratory  have  indicated  that  tissue  and  mitochondrial  magnesium  levels  decreased 
significantly  following  ischemia  and  reflow  and  that  ATP-MgClj,  but  not  ATP  or 
MgClj  alone,  after  ischemia  significantly  increased  tissue  and  mitochondnal  magne¬ 
sium  levels.*  Tissue  ATP  and  ADP  levels  also  follow  the  same  trend  Thus,  it  could 
be  concluded  that  1)  a  significant  loss  of  tissue  ATP  and  ADP  occurs,  together  with 
decreased  tissue  and  mitochondnal  magnesium  levels,  after  ischemia  and  reflow  and 
that  2)  ATP  together  with  MgClj  treatment  is  required  for  increasing  cellular  and 
muochondnal  magnesium  levels  and  for  improving  cellular  functions  under  such 
conditions  ” 


EFFECT  OF  ATP-MgQ,  ON  MYOCARDIAL  AND  TOTAL  BODY 
OXYGEN  CONSUMPTION 


Studies  from  our  laboratory  as  well  as  from  others  have  indicated  that  adminis¬ 
tration  of  ATP-MgClj  increases  cardiac  output  and  produces  penpheral  vasodilata¬ 
tion.”**  It  could  be  argued,  however,  that  if  such  an  agent  is  administered  under 
conditions  of  compromised  cardiac  function  the  increased  myocardial  performance 
together  with  peripheral  vasodilatation  might  create  a  deletenous  situation  in  which 
oxygen  demand  exceeds  oxygen  supply  To  investigate  this  possibility,  additional 
studies  were  conducted  which  indicated  that  infusion  of  ATP-MgClj  decreased  not 
only  total  body  oxygen  consumption,**  but  myocardial  oxygen  consumption  during 
normovolemic  as  well  as  hypovolemic  conditions  **  These  decreases  occurred  in  spile 
of  increased  coronary  flow  and  cardiac  output.**  Because  the  decreased  oxygen  con¬ 
sumption  was  greater  than  what  would  be  predicted  from  the  observed  afterload 
reduction,  the  results  indicated  that  ATP-MgCIj  exerts  effects  on  myocardial  oxygen 
demand  over  and  above  the  effects  exerted  through  its  penpheral  vasodilatory  action. 
The  combination  of  increased  cardiac  output,  increased  coronary  flow,  and  decreased 
myocardial  oxygen  consumption  clearly  supports  a  role  lor  the  therapeutic  use  of 
ATP-MgCij  dunng  low-flow  conditions  and  dunng  clinical  instances  of  coronary 
insufficiency 
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PRECAUTIONS  IN  ADMINISTERING  ATP-MgQ, 


The  precautions,  hazards,  and  controversies  in  using  ATP*MgCl,  have  been  re¬ 
viewed  in  detail  in  recent  publications*-*’  and  will  not  be  repeated  here.  Nonetheless, 
some  of  the  important  precautions  that  should  be  taken  in  administering  this  agent 
will  be  mentioned.  As  with  any  potent  vasodilator,  this  agent  should  not  lx  given  as 
a  bolus  because  doing  so  could  lead  to  severe  tachycardia  and  even  cardiac  arrest. 
Careful  monitoring  of  blood  pressure  should  be  undertaken  during  infusion  to  avoid 
significant  hypotension.  If  this  agent  is  ^ven  follcning  shock,  efforts  should  be  made 
to  restore  the  blood  pressure  to  normal  with  volume  resuscitation  prior  to  the  initiation 
of  ATP-MgCl)  administration.  If  ATP-MgCl.  is  given  at  a  rate  that  decreases  blood 
pressure  precipitously,  then  deleterious  rather  than  beneficial  effects  would  be  expected 
to  OMur  b^use  a  secondary  hypotension  would  be  created  under  these  conditions. 
Support  for  this  comes  from  the  studies  in  which  beneficial  effects  of  ATP-MgCl, 
were  not  observed.*’  If  the  blood  pressure  drops  rapidly,  the  infusion  of  ATP-MgCh 
should  be  stopped  for  a  few  minutes  to  let  the  blood  pressure  recover.  Once  the  blood 
pressure  recovers,  the  administration  can  be  restarted  at  a  lower  rate  of  infusion.  The 
doses  of  ATP-MgCh  required  for  effective  therapy  of  different  adverse  circulatory 
conditions  have  been  described  in  detail  previously.*’** 


CLINICAL  TRIALS  OF  ATP-Mga, 


The  safety  and  hemodynamic  responses  of  ATP-MgCh  administration  in  man  have 
been  determined.  The  results  indicate  that  intravenous  infusion  of  this  agent  in  normal 
human  volunteers  increased  cardiac  output  by  as  much  as  131%  without  affecting 
mean  blood  pressure.*’  The  increased  cardiac  output  was  dependent  on  the  ATP- 
MgCl]  infusion  rate  but  not  on  the  total  dose  of  ATP-MgCh  infused.  Stroke  volume 
index  also  increased  with  ATP-MgCh  infusion,  but  (here  were  no  changes  in  blood 
glucose  or  chemistries  during  or  after  the  infusion  of  ATF-MgCl..  Based  on  these 
studies,  it  was  concluded  (hat  ATP-MgCl^  administration  is  safe  in  healthy  humans 
and  increases  cardiac  output  without  producing  hypotension.  After  the  administration 
of  ATP-MgCI,  in  normal  volunteers  was  found  to  be  safe,  the  effects  of  intracoronary 
ATP-MgClj  administration  on  coronary  sinus  blood  flow  and  myocardial  oxygen 
consumption  in  patients  with  coronary  artery  disease  were  investigated.’®  The  results 
indicate  that  during  the  infusion  of  ATP-MgCl^,  at  rates  that  did  not  alter  the  heart 
rate,  cardiac  output,  or  wedge  pressure,  there  was  a  65%  increase  in  coronary  sinus 
blood  flow  with  a  concomitant  27%  reduction  in  myocardial  oxygen  consumption. 
Tins  would  indicate  that  ATP-MgCl^  is  a  demand-independent  coronary  vasodilator.’® 
The  reduction  in  myocardial  oxygen  consumption  in  the  absence  of  changes  in  the 
measured  determinants  of  myocardial  oxygen  demand  suggest  a  possible  oxygen¬ 
sparing  effect  of  ATP-MgCli.  Thus,  ATP-MgCl,  shows  favorable  characteristics  for 
potential  applications  in  patients  with  coronary  artery  disease. 

Hirasawa  and  co-w>rkcrs”**  have  been  using  ATP-MgCl,  in  Japan  in  patients 
with  acute  renal  failure  as  well  as  in  {Clients  with  multiple  organ  failure,”  and  the 
reported  results  appear  very  encouraging.  In  this  country,  ATP-MgCl,  has  also  been 
given  to  some  patients  with  acute  renal  failure,  acute  hepatic  failure,  trauma,  and  low 
cardiac  output,  and  the  results  obtained  so  far  are  very  promising  (unpublished 
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observations).  A  clinical  trial  of  ATP'MgClj  treatment  in  patients  with  various  adverse 
circulatory  conditions  is  underway  at  several  institutions  in  our  country. 


SUMMARY 


The  available  information  indicates  that  shock  and  ischemia  are  associated  with 
such  phenomena  as  diminished  microcirculatory  blood  flow  and  diminished  metabolic 
(including  ATP  levels)  and  cellular  capabilities,  and  that  these  phenomena  are  as* 
sociated  with  altered  cellular  functions.  Infusion  of  ATP'MgClj  as  an  adjunct  following 
shock  or  ischemia  signiflcantly  improves  microcirculatory  blood  flow,  tissue  and  mi¬ 
tochondrial  magnesium  levels,  tissue  ATP  levels,  cellular  functions,  and  overall  sur¬ 
vival  of  animals.  Administration  of  ATP  or  MgCl^  alone  after  such  conditions  was 
ineffective  in  improving  cellular  functions  or  the  survival  of  animals.  Thus,  it  could 
be  concluded  that  ATP  together  with  MgClj  is  required  for  an  effective  treatment. 
ATP-MgCij  can  be  administered  safely  in  normal  volunteers  as  well  as  in  patients 
following  various  adverse  circulatory  conditions.  Administration  of  this  agent  in  hu¬ 
mans  produces  positive  inotropic,  negative  chronotropic,  and  peripheral  vasodilatory 
actions,  which  clearly  suggests  the  potential  use  of  this  agent  in  ratients  with  low- 
flow  conditions  or  organ  ischemia.  Clinical  trials  of  ATP-MgCl.  tteatment  in  patients 
with  various  adverse  circulatory  conditions  are  underway  at  several  institutions  in 
this  country  as  well  as  in  Japan. 


REFERENCES 


1.  Chaudry,  I.  H.  &  A.  E  Baub.  1982,  Overview  of  hemorrhagic  shock.  In  Pathophysiology 

of  Shock,  Anoxia  and  Ischemia.  R.  A.  Cowley  &  B  F.  Tnimp,  Eds :  203-219.  William 
&,  Wilkins.  Baltimore.  MD. 

2.  MacLean,  L.  D.  1977.  Causes  and  management  of  circulatory  collapse.  In 

Davis-Chmtopher  Textbook  of  Surgery.  D.  C  Sebastian,  Ed :  65-94.  Saunders.  Phila¬ 
delphia.  Pa. 

3.  Chaudry,  1.  H.  1983.  Cellular  mechanisms  in  shock  and  ischemia  and  their  correction. 

Am.  J,  Phj-siol.  245:  RI17-R134. 

4.  Stoner.  H.  B.  &  C  J.  Txrclfali..  1954.  Effect  of  nucleotide  and  ischemic  shock  on  the 

level  of  energy-rich  phosphates  in  the  tissues  Diochem.  J.  58:  115-121. 

5.  Chaudry,  I.  H.  &  A.  E  Baue.  1980  The  use  of  substrates  and  energy  m  the  treatment 

of  shock.  In  Advances  in  Shock  Research  A.  M.  Lefer,  T.  M.  Saba  &  L.  M  Mela.  Eds 
Vol.  3.  27-46.  Alan  R.  Liss,  New  York,  NY. 

6  Talaat,  S.  M.,  W.  H.  Mission  &  J.  A.  Schilling.  1964.  Effects  of  adenosine  tnphosphate 
administration  in  reversible  hemorrhagic  shock.  Surgery  55:  813-819. 

7.  Sharma,  G.  P.  &  B.  Eiseman.  1966.  Protective  effect  of  ATP  in  expenmental  hemorrhagic 

shock.  Surgery  59:  66-75. 

8.  Chaudry,  I.  H  ,  M.  G.  Clemens  &  A.  E  Baub.  1986.  The  role  of  ATP-magnesium  in 

ischemia  and  shock.  Magnesium  5: 211-220 

9.  DiStazio,  j.,  W.  B.  Maley,  H  Thompson.  S.  Sembrat  &  J.  Stremple.  1980.  Effect 

of  ATP-MgCirglucose  administration  dunng  hemorrhagic  shock  on  cardiac  metabolism 
function  and  survival  In  Advances  in  Shock  Research.  A  M.  Lefer,  T.  M.  Saba  &  L. 
M.  Mela,  Eds.  Vol  3.  153-166  Alan  R-  Uss  New  York,  NY 


13$ 


ANNALS  NEW  YORK  ACADEMY  OF  SaENCES 


10.  Hirasawa,  H.,  S.  Oda,  K.  Hayashi,  Y,  Oktake,  M.  Odaka  &  H.  Sato.  1983.  Improved 

survival  and  reticuloendothelial  function  mth  intravenous  ATP-MgClj  following  hem* 
orrha^c  shock.  Circ.  Shock  11: 141-14S. 

11.  Kraven,  T.,  B.  F.  Rush,  A.  Ghosh  &  M.  Adams-Griffin.  1979.  Improved  survival 

and  metabolic  changes  in  a  rat  shock  model  produced  by  ATP'MgCl:.  Curr.  Surg.  36: 
435*437. 

12.  Zaki,  M.  S.,  J.  L.  Burkb  &  Trelstad.  1978.  Protective  effects  of  adenosine 

triphosphate  administration  in  burns.  Arch.  Surg.  113:  605*610. 

13.  Cikrit,  D  ,  K.  Gross,  S.  Katz,  D.  Placer,  D.  Ross,  M.  Wolfe,  T.  R.  Weber  &  J. 

L.  Grosfeld.  1983.  Comparative  effects  of  cytoprotective  agents  in  bowel  ischemia. 
Surg.  Forum  34:  208*210. 

14.  Fulton,  R.  L.  1974.  Prevention  of  endotoxin  death  with  nicotinamide  and  adenosine 

triphosphate.  Surg.  Forum  25: 17*19. 

15.  Filkins,  j.  P.  &.  B.  J.  Buchanan.  1977.  Protection  against  endotoxin  shock  and  impaired 

glucose  homeostasis  with  ATP.  Circ.  Shock  4: 253*258. 

16.  Andrews,  P.  M.  &  A.  K.  Coffey.  1983.  Protection  of  kidneys  from  acute  renal  failure 

resulting  from  normothermic  ischemia.  Lab  Invest.  49:  87*98. 

17.  Boss,  W.  K..  S.  Fusi,  I.  H.  Chaudry,  M.  G.  Clpaibns,  G.  Chaier,  D.  Laub,  C.  B. 

CuoNO  &.  S.  Ariyan.  1984.  Improv^  skin  flap  survival  with  adenosine  triphosphate* 
magnesium  chloride.  Surg.  Forum  35: 576*578. 

18.  Okrit,  D.,  D.  Billmore,  M.  R.  Lopez,  R.  W.  West,  L  L.  Grosfeld  &  D.  Smith. 

1984.  Beneficial  effect  of  exogenous  adenosine  tnphosphate  on  skin  flap  viability.  Surg. 
Forum  35:  378*480, 

19.  Lytton,  B.,  V.  R.  Vaisbort,  W.  B.  Glazier,  I,  H.  Chaudry  &  A.  E  Baue.  1981. 

Improved  renal  function  using  ATP*MgOj  in  preservation  of  canine  kidneys  subjected 
to  warm  ischemia.  Transplantation  31: 187*189. 

20.  SUMpio,  B.  E.  I.  H.  Chaudry  A.  E  Baue.  1985.  Reduction  of  diug*induced  neph* 

rotoxicity  by  ATP*MgCl).  1.  Effects  on  the  cfr*diammine*dichloropIatinum*treated  iso* 
lated  perfus^  kidneys.  J.  Surg.  Res  3$:  429*437. 

21.  SuMPio,  B.  E.  I.  H.  OtAUDRV  &  A.  E  Baue.  1985.  Reduction  of  drug*induccd  neph* 

rotoxicity  by  ATP*MgCli.  11.  Effects  on  gentamicin>treated  isolated  perfused  kidneys.  J. 
Surg.  Res.  38: 438*445. 

22.  McDonagh.  P.  F.,  H.  Laks.  1.  H.  Chaudry  A.  E  Baue.  1984.  Improved  myocardial 

recovery  from  ischemia:  Treatment  with  low-dose  adenosine  Iriphosphate'magnesium 
chloride.  Arch.  Surg.  119:  1378*1384. 

23.  Kopp,  G.  S ,  I.  H.  OiAUORY,  S.  Condos  8^  A.  E  Baue.  1986.  Improved  myocardial 

performance  following  prolonged  ischemia  with  ATP'MgCb  cardioplegia.  Surg  Forum 
37;  234*236. 

24.  Kopf,  G.  S  ,  I.  H.  Chaudry,  S.  Condos  &  A.  E  Baue.  1987.  Reperfusion  with  ATP- 

MgCli  following  prolonged  ischemia  improves  myocardial  perfonnancc.  J.  Surg.  Res, 
43:  114*117. 

25.  SuMPio,  B.  E,  M.  J.  Hull,  A.  E  Daub  &  1.  H.  Chaudry.  1987.  Companson  of  effects 

of  ATP-MgCI]  and  adenosine-MgCl^on  renal  function  following  ischemia.  Am.  J.  Physiol. 
252:  R388*R393. 

26.  Kraven,  T.,  B.  Rush,  G.  J.  Slogan  St  M.  Adams-Griffin.  1979.  Permeability  of  the 

shock  cell  to  ATP*MgCI,.  Surg  Forum  30: 7*9, 

27.  Machiedo,  G  W.,  S  Ghuman,  B.  F.  Rush,  T.  Kraven  St  G.  Dikdan.  1981.  The  effect 

of  ATP*MgCl)  infusion  on  hepatic  cell  permeability  and  metabolism  following  hemor¬ 
rhage  shock.  Surgery  90:  328*335. 

28.  Garvin,  P.  J.,  M.  Jellinek,  R.  Morgan  &  J.  E  Codd.  1981.  Renal  cortical  levels  of 

adenosine  tnphosphate*  Restoration  after  proltmged  ischemia  by  in  situ  perfusion  of 
ATP-MgCl,  Arch.  Surg.  116: 221*224. 

29.  Hirasawa,  H.,  M.  Ohkawa,  H.  Kobayashi,  M  Odaka  &  H.  Sato.  1980.  Reversal  of 

ischemia'induced  hepatic  cellular  edema  by  administration  of  ATP-MgCI^.  Surg.  Forum 
31: 10*12. 

30  Ohkawa,  M.,  I  H.  Chaudry,  M.  G  Clemens  &  A.  E  Daub.  1982.  Improvement  in 
water  and  electrolyte  homeostasis  by  ATP-MgClj  aAer  ischemia.  Circ.  Shock  9:  162*  163. 


CHAUDRY:  USE  OF  ATP  FOLLOWING  SHOCK 


139 


31.  Chaudry,  I.  H.,  M.  Ohkawa,  M.  G.  Clemens  &  A.  E.  Baue.  1983  Alterations  in 
electron  transport  and  cellular  metabolism  with  shock  and  trauma.  In  Mol^lar  and 
Cellular  Aspects  of  Shock  and  Trauma  A.  M.  Lefer  &  W.  Schumer,  Eds :  67-88.  Alan 
R.  Liss.  New  York,  NY. 

.  32.  Chaudry,  I.  H  ,  M.  Ohkawa  &  M.  G.  Clemens.  1984.  Improved  mitochondrial  function 
following  Ischemia  and  reflow  by  ATP-MgClj.  Am.  J.  Physiol.  246:  R799-R804. 

33.  Ohkawa,  M  ,  M.  G.  Clemens  &.  1.  H.  Chaudry.  1983.  Studies  on  the  mechanism  of 

benefleial  effects  of  ATP*MgO^  following  hepatic  ischemia.  Am.  J.  Physiol.  244: 
R695-R702. 

34.  Asher,  E.  F.,  R.  N.  Gallison  &  D.  E  Fry.  1983.  Improvement  of  hepatic  nutrient  blood 

flow  with  ATP'MgClj  in  endoto»n  rats.  Circ.  Shock  10:  248. 

35.  Clemens,  M.  G.,  P.  F.  McDonach,  I.  H.  Chaudry  &  A.  E  Baue.  1985.  Hepatic 

microcirculatory  failure  after  ischemia  and  rqierfusion:  Improvement  with  ATP-MgCh 
treatment.  Am.  J.  Physiol.  248:  H804-H8U. 

36.  SUMpio.  B.  E,  1.  H.  Chaudry  &  A.  E  Baue.  1985.  Adenosine  inphosphate-magnesium 

chloride  ameliorates  reperfuston  injury  following  ischemia  as  determined  by  phosphorus 
nuclear  magnetic  resonance.  Arch.  Surg.  1^  233-240, 

37.  KoRTHUis,  R.  J.,  M.  B.  Grisham,  B.  J.  Zimmerman,  D.  N.  Granger  &  A.  E  Taylor. 

1988.  Vascular  Injury  in  dogs  during  ischemia-repcrfuston:  Improvement  with  ATP* 
MgCl]  pretreatment.  Am.  J.  Physiol.  254:  H702-H708. 

38.  Stephan,  R.  N.,  C.  A.  Janeway,  R.  E  Dean  St  1.  H.  Chaudry.  1987.  Decreased 

interleukin*2  production  following  simple  hemorrhage  and  its  restoration  with  ATP- 
MgCl]  treatment.  Magnesium  6:  163. 

39.  Chaudry,  I.  H.  1982.  Does  ATP  cross  the  cell  plasma  membrane?  Yale  J.  Biol.  Med.  55: 

MO. 

40.  Chaudry,  I.  H..  M.  u.  Clemens  &  a.  E  Baue.  1985.  Uptake  of  ATP  by  tissues.  In 

Punnes:  Pharmacology  and  Physiological  Roles.  T.  W.  Stone,  Ed.:  115*124.  Macmillan. 
Hampshire. 

41.  Pant,  H.  C.  S.  Teraknwa,  T.  Yoshioki,  I.  Tasaki  St  H.  Gainer.  1979.  Evidence  for 

the  utilization  of  extracellular  phosphorylation  of  intracellular  pro* 

teins  In  the  squid  giant  axon.  Biochim.  fUophys  Acta  Wt  102-114 

42.  Chaudry,  I.  H.  1989.  ATP«MgCl;  and  liver  bl(^  flow  following  shock  and  ischemia.  In 

Progress  in  Clinical  and  Biological  Research.  Perspectives  in  Shock  Research,  Metab¬ 
olism,  Immunology,  Mediators,  and  Models  J.  C.  Passmore,  S.  M.  Reichard,  D  G. 
Reynolds  &  D.  E.  Trabcr,  Eds.  Vol,  299. 19-31.  Alan  R.  Liss.  New  York,  NY. 

43.  Klay,  j.  W.,  I.  H.  Chaudry.  A.  S.  Geha  &  A.  E  Baue.  1980.  Improved  myocardial 

performance  with  adenosine  Iriphosphate-MgCl)  infusion.  Surg.  Forum  31:  260-262. 

44.  McGovern,  P.  J.,  B,  F.  Rush,  B  W.  Machidio  &  T.  Kraven.  1981.  ATP*MgCl, 

improves  cardiac  output  after  shock.  Surg.  Forum  32: 1-3. 

45.  Krinsley,  j.,  I,  H.  Chaudry,  J.  Loke,  P.  Snyder,  J.  Viroulto,  A.  Gfha  d;  A.  Baue. 

1985.  Effect  of  adenosine  triphosphate-magnesium  chloride  infusion  on  oxygen  con¬ 
sumption  and  hemodynamics  in  anesthetized  dogs.  Am.  Rev.  Respir.  Dis.  131:  A310. 

46.  Clemens,  M.  G.,  1.  H.  Chaudry  &  A.  E  Baue.  1985.  Incivoscd  coronary  flow  and 

myocardial  efflciency  with  systemic  infusion  of  ATP-MgCl}.  Surg.  Forum  36:  244-246. 

47.  Hayashi,  I.  H..  I.  H.  Chaudry,  M.  G.  Clemens  &  A.  E  Baue.  1986  Hepatic  ischemia 

models  for  determining  the  effects  of  ATP-M^l^.  I.  Suig.  Res.  40:  167-175. 

48.  Chaudry,  I.  H.  St  A.  E.  Baue.  1982.  Energy  problems  dunng  shock  and  their  correction 

with  adenosine  tnphosphate-magncMum  chloride.  In  Role  of  chemical  mediators  in  the 
pathophysiology  of  acute  illness  and  injury  R.  McConn,  Ed:  361-376.  Raven  Press 
New  York.  NY. 

49  Chaudry,  I.  H  .  J.  R.  Keefer,  P.  Barash,  M  G.  Clemens,  G  Kopf  &  A.  E  Baue 
1984.  ATP'MgCl]  infusion  in  man.  Increased  cardiac  output  without  adverse  systemic 
hemodynamic  effects.  Surg.  Forum  35: 13-15 

50.  WOHLGELERNTER,  D.,  C  JaFFE,  M.  CLEMEN,  L.  YOUNG,  M.  G.  CLEMENS  &  I.  H. 
Chaudry.  1985.  Effects  of  ATP-MgCl^  on  coronary  blood  flow  and  myocardial  oxygen 
consumption.  Circulation  72(111)*  315. 

51  Hirasawa,  H,  M  Odaka,  K.  Soeda,  H.  Kobayashi,  Y.  Ohtake,  S  Oda,  S  Ko- 


140 


ANNALS  NEW  YORK  ACADEMY  OE  saENCES 


BAYASHi  &  H.  Sato  1983.  Experiments)  wd  cUnicnl  study  of  ATP^MgClj  administration 
for,  postischemic  acute  renal  failure.  Ctini  Exp.  Dialysis  Aphereais  7: 37-47. 

52.  HiiUsawa,  H.,  K.  Soeda,  M.  Ohkawa,  S.  Kobayashi,  N.  Murotani,  M.  Odaka  & 

H.  Sato.  1985.  A  randomized  clinical  trial  ATP-MgClj  for  postischemic  acute  renal 
failure.  Circ.  Shock  13:  66. 

53.  Hirasawa,  H.,  T.  Sucai,  Y.  Ohtake,  S.  Oda,  H.  Shiga,  T.  Aoe  &  M.  Ohkawa.  1989. 

Effect  of  impaired  hepatic  mitochondrial  function  (HMF)  on  systemic  metabolism  in 
multiple  organ  failure  (MOF)  patients  and  its  treatment  with  ATF-MgClj.  Cire  Shock 
27:  361. 


DISCUSSION  OF  THE  PAPER 


C.  Neely:  1)  What  is  the  longest  period  of  time  that  you  have  measured  survival 
in  animals  treated  with  ATP-MgCl,?  2)  Have  you  measured  serum  Mg**  levels  in 
animals  or  humans  during  ATP-MgCij  infusion? 

Chaudry:  1)  Two  weeks.  2)  No. 

S.  C.  SiLVERSTEiN  {Columbia  University,  New  York,  NY)\  Could  high  levels  of 
ADP  appear  in  the  blood  after  the  infusion  of  ATP-MgCl,? 

T.  Forrecter  {St,  Louis  University  Medical  Center,  St.  Louis,  MO):  D.  C.  B. 
Mills  showed  in  1966  that  the  ATP  in  blood  was  broken  down  directly  by  a  dipy- 
rophosphorylase  to  AMP.  The  development  of  high  levels  of  ADP  are  thus  avoided. 

P,  A.  Ward  {University  o/Michlgan  Medical  School.  Ann  Arbor,  MI):  Dr.  Chaudry, 
is  it  possible  that  these  data  could  be  explained  by  conversion  of  ATP-MgClj  to 
adenosine? 

Chaudry:  1  do  not  believe  so.  We  infused  equimolar  adenosine-MgClj  in  separate 
studies  and  did  not  find  any  beneficial  effects  on  survival  or  for  a  sustained  Improvement 
of  renal  function  following  renal  ischemia. 

E,  Kornecki  {SUNY  Health  Science  Center  at  Brooklyn,  New  York,  NY):  The 
conversion  of  ATP  to  ADP  may  result  in  concentrations  of  ADP  capable  of  interacting 
with  platelets  to  produce  a  refractory  state  resulting  in  loss  of  platelet  function  to 
ADP.  Have  you  tested  whether  the  infusion  of  Mg-ATP  in  human  volunteers  resulted 
in  platelets  that  became  refractory  to  ADP  in  vivo? 

Chaudry:  We  have  not  tested  whether  the  platelets  are  refractory  to  ADP. 
Nonetheless,  we  did  check  whether  ATP-MgCl^  administration  caused  any  platelet 
aggregation.  It  did  not. 

y.  H.  Ehrlich  {College  of  Staten  Island,  New  York,  NY)'  What  is  the  experimental 
evidence  for  your  definitive  conclusion  that  the  bcnehcial  effect  of  ATP-MgCl^  infusion 
is  the  provision  of  an  intracellular  energy  source?  What  is  the  mechanism  involved? 

Chaudry:  Wc  arc  not  saying  that  ATP-MgCl,  acts  solely  as  an  intracellular 
energy  source.  It  does,  however,  cross  the  plasma  cell  membrane  as  ATP,  and  it  does 
increase  intracellular  ATP.  Nonetheless,  ATP-MgCi;  also  phosphorylates  cell  surface 
receptors,  improves  the  microcirculation,  and  it  also  stimulates  the  resynthesis  of  ATP. 
Thus,  the  mechanism  of  action  of  ATP-MgClj  following  shock  and  ischemia  is  due 
to  a  combination  of  the  following:  1)  pro^sion  of  ATP,  2)  improvement  in  micro¬ 
circulation,  3)  reduction  of  cell  swelling,  and  4)  priming  of  the  resynthesis  of  ATP. 
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J.  Barankiewicz  (Gensia  Pharmaceuticals,  San  Diego,  CA):  Did  you  observe  uric 
acid  overproduction  after  ATP  infusion? 

Chaudry:  Unc  acid  levels  did  not  increase  significantly  after  ATP-MgCl2  was 
given  continuously  for  approximately  2  hr.  If,  however,  ATP-MgClj  was  given  con¬ 
tinuously  for  7  days  in  patients  with  cancer,  the  uric  acid  levels  increased.  The  dose 
of  ATP-MgCl)  that  we  used  for  the  treatment  of  shock  and  ischemia,  however,  did 
not  produce  any  significant  elevation  in  uric  acid. 


Mechanisms  of  Anticancer  Activities 
of  Adenine  Nucleotides  in  Tumor- 
Bearing  Hosts 

ELIEZER  RAPAPORT 

Department  of  Microbiology 
Boston  University  School  of  Medicine 
Boston,  Massachusetts  02}  18 


INTRODUCTION 


The  role  of  ATP  as  an  extraceltular  mediator  of  a  variety  of  physiological  functions, 
including  those  originating  intraluminally  as  well  as  those  originating  extraluminally, 
was  established  during  the  1970s  by  Bumstock  and  his  colleagues.'"*  The  involvement 
of  ATP  in  intracellular  energetics  as  well  as  in  the  allosteric  regulation  of  intracellular 
protein  functions  is  widely  known.  Aad-solubie  adenine  and  guanine  nucleotides  have 
been  implicated  in  the  regulation  of  specific  sets  of  intracellular  metabolic  reactions 
in  bacterial  and  animal  cells.^’  Because  of  their  metabolic  lability*  which  allows  their 
intracellular  pools  (steady  state  concentrations)  to  fluctuate  rapidly  In  response  to 
extracellular  conditions  that  affect  growth  or  cellular  metabolism,  these  compounds 
arc  suitable  for  their  role  as  intracellular  signals.^*  Polypeptides,  however,  because  of 
their  higher  metabolic  stability,  evolved  into  intercellular  signals  or  mediators  affecting 
responder  cells  primarily  by  interacting  with  specific  membrane  receptors.’*’  The 
emergence  of  ATP  as  an  extracellular  signal  was  commensurable  with  the  concept 
requiring  extracellular  mediation  by  a  class  of  metabolically  labile  compounds,  a 
concept  based  on  the  accumulating  data  suggesting  pinpoint  accuracy  in  the  physi¬ 
ological  execution  of  vascular  and  extravascular  functions.  More  importantly,  two 
types  of  purinergic  receptors  (punnoceptors)  were  identified  and  distinguished  on  a 
vanety  of  cells  and  tissues 

More  recently  we"  "  and  others'*'”  have  demonstrated  that  the  growth  of  human 
and  animal  tumor  cells  exposed  to  extracellular  ATP,  under  several  in  vitro  conditions, 
was  markedly  inhibited.  The  cytr^tatic  and  cytotoxic  effects  of  extracellular  ATP 
against  tumor  cells  in  serum-contaming  media  were  much  more  pronounced  than  the 
effects  observed  after  similar  treatments  of  untransformed  cells."'*”  Furthermore, 
after  the  ectoenzymatic  activities  of  tumor  cells  in  catalyzing  the  degradation  of 
extracellular  ATP  were  taken  in  account,  together  with  the  soluble  catabolic  enzymatic 
activities  present  in  the  serum-supplemented  growth  media  and  the  lack  of  growth- 
inhibitory  activities  of  the  degradation  products,  adenosine  and  AMP,  it  was  concluded 
that  very  low  levels  of  extracellular  ATP  were  actually  sufficient  to  yield  substantial 
tumor  cell  growth  inhibition  in  v/t/o.'*  Studies  with  live  animals  were  then  initiated 
to  determine  the  distribution  of  ATP  administered  intravenously  to  tumor-bearing 
rats  and  rabbits.  Because  we  have  previously  demonstrated  that  low  levels  of  adenine 
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nucleotides  can  permeate  the  plasma  membrane  of  certain  human  and  animal  tumor 
cells,  an  attempt  was  made  to  utilize  ^^c*radiolabeled*chelated  forms  of  adenine 
nucleotides  for  tumor  imaging."  Low  levels  of  ^^olabelcd  ATP  and  ’^c-Iabeled 
diadenosine  5',5"'»P',P*-tetfaphosphatC',(Ap4A)  injected  intravenously  into  rats  or 
rabbits  were  suitable  for  the  in  vivo  detection  of  tumors  by  radionuclide  imaging." 
The  incorporation  of  the  radionuclide  (^^c)  as  a  chelate  into  the  tumor  was  de> 
pendent  on  the  entry  of  low  levels  of  nucleotides  into  the  tumor  cells  without  prior 
degradation  of  these  nucleotides,  because  the  nonchelated  or  nonspecific  ’^c 
chelates  were  not  effective  as  tumor-seeking  agents.  These  studies  also  provided  data 
regarding  the  tissue  distribution  of  ^**ToATP,  which  presumably  indicates  the  bio- 
distribution  of  ATP  after  intravenous  injections.  The  results  demonstrated  an  extremely 
slow  clearance  of  ’’^c-ATP  from  the  blood  (cellular)  in  comparison  to  another 
*^c-chelated  adenine  nucleotide,  *^c-Ap4A,  or  in  comparison  to  a  nonspccifically 
chelated  *^c-labelcd  diethylenetriaminepentaacetic  acid  (DTPA)."  A  sug¬ 
gestion  that  ATP  could  semipermeabilize  red  blood  cells  (RBCs)  was  made  earlier 
by  another  group,  which  showed  that  under  certain  conditions  extracellular  ATP 
could  induce  influx  and  mostly  efflux  of  adenine  nucleotides  associated  with  RBCs." 

AAer  these  initial  studies,  the  effects  of  adenine  nucleotides  in  vivo  in  murine  tumor 
models  were  elucidated.  Adenine  nucleotides  (AMP,  ADP,  or  ATP),  but  not  aden¬ 
osine,  were  demonstrated  to  yield  elevated  blood  (total  cellular)  and  plasma  com¬ 
partment  (extracellular)  pools  of  ATP  after  their  intraperitoncal  administration  into 
mice.*^"  Elevated  RBC  and  blood  plasma  ATP  pools  were  correlated  with  the  in¬ 
hibition  of  tumor  growth  and  the  inhibition  of  host  weight  loss  in  tumor-beanng 
murine  hosts.’**^'  l^e  two  anticancer  activities  of  adenine  nucleotides  do  not  exhibit 
a  cause-effect  relationship,  although  both  are  mediated  by  the  expansion  of  RBC  and 
blood  plasma  ATP  pools.  The  expansions  of  RBC  and  plasma  compartment  pools 
of  ATP  were  unexpected  because  of  the  rapid  degradation  of  adenine  nucleotides  in 
the  vascular  bed.  llie  catabolic  activities,  which  are  catalyzed  by  a  variety  of  ectoen- 
zymatic  and  soluble  enzymatic  activities  present  intraluminally,  led  to  the  assumption 
that  the  pharmacological  activities  of  externally  introduced  adenine  nucleotides  were 
due  to  the  major  breakdown  product  of  these  nucleotides,  adenosine.  The  mechanism 
of  expansion  of  RBC  ATP  pools  was  elucidated  and  was  shown  to  involve  pnor 
expansion  of  total  hepatic  ATP  pools  after  intraperitoneal  adminstration  of  AMP, 
ADP,  or  ATP."  The  adenosine  precursor  for  enhanced  RBC  ATP  synthesis  originates 
in  the  turnover  of  expanded  liver  ATP  pools  and  is  taken  up  by  circulating  RBCs  in 
the  hepatic  sinusoids."  The  two-  to  fourfold  expansion  of  RBC  ATP  pools  lasts  for 
several  hours  with  specific  continuous  slow  release  of  micromolar  amounts  of  ATP 
from  RBCs  into  the  blood  plasma  compartment.  Although  ATP  degrades  rapidly  in 
the  blood  plasma  compartment,  it  is  sufficient  to  elevate  the  steady  state  extracellular 
ATP  levels.*^"  The  anticancer  activities  of  adenine  nucleotides  may  be  the  result  of 
the  direct  effects  of  extracellular  ATP  on  the  tumor  cells  or  may  be  mediated  by  the 
effects  of  extiacellular  ATP  on  host  functions,  because  many  of  the  functions  that 
could  conceivably  affect  tumor  growth  are  known  to  be  influenced  by  elevated  blood 
plasma  ATP  pools."*"  Effects  of  extracellular  ATP  on  the  functions  of  a  variety  of 
immune  and  nonimmune  cells  that  contribute  to  host  defense  mechanisms  have  also 
been  established, and  could  favorably  influence  the  response  of  these  ceils  after 
the  administration  of  adenine  nucleotides  and  elevation  of  blood  plasma  ATP  pools 
in  tumor-bearing  hosts.  The  data  reviewed  in  this  paper  indicate  that  in  vivo  admin¬ 
istration  of  ATP  and  other  adenine  nucleotides  yields  a  sustained  ’'secondary  wave” 
of  extracellular  ATP  resulting  from  the  immediate  rapid  degradation  of  the  admin¬ 
ister^  adenine  nucleotide  followed  by  expansion  of  RBC  ATP  pools  and  release  of 
micromolar  levels  of  ATP  from  these  RBO  into  the  extracellular  compartment.  These 
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findings  explain  the  difi^erent  systemic  and  cardiovascular  effects  observed  after  the 
administration  of  ATP  versus  the  administration  of  adenosine  in  humans.^*  The  dif¬ 
ferent  physiological  and  pharmacological  activities  of  the  administered  adenosine  or 
ATP  were  not  commensurable  with  the  widely  accepted  notion  that  the  activity  of 
ATP  is  due  to  its  primary  catabolic  product,  adenosine,  which  is  rapidly  produced 
from  ATP  by  powerful  soluble  enzymatic  and  ectoenzymatic  activities  present  in  the 
vascular  bed.  The  results  reviewed  here  also  explain  why  the  beneficial  effects  of  bolus 
injections  or  infusions  of  ATP  as  compared  to  adenosine  are  more  pronounced  in 
humans  than  what  has  been  observed  in  animal  studies.^*  The  reasons  relate  to  the 
enzymatic  and  ectoenzymatic  catabolic  activities  that  catalyze  the  degradation  of 
extracellular  ATP:  the  activities  present  in  humans  are  much  weaker  than  the  activities 
present  in  animals.  Thus,  for  animals  and  humans  to  achieve  the  same  levels  of  ATP 
in  blood  plasma,  animals  must  receive  relatively  large  doses  of  ATP,  whereas  humans 
may  receive  relatively  small  doses  of  ATP.  Humans  may,  as  a  consequence,  experience 
fewer  and  less  severe  side  effects.***^* 

Recent  reports  from  my  laboratory****'  have  established  the  following  results  in 
murine  models: 

1.  Under  normal  pathophysiological  conditions,  the  vast  majority  of  extracellular, 
blood  plasma  compartment  pools  of  ATP  originate  in  RBCs,  as  opposed  to 
vascular  endothelium  or  blood  platelets. 

2.  Administration  of  AMP,  ADP,  or  ATP— but  not  adenosine—into  murine  hosts 
results  in  the  unexpected  expansion  of  total  liver  and  RBC  ATP  pools  and  m 
the  elevation  of  blood  plasma  ATP  levels.  The  elevated  extracellular  levels  of 
ATP  are  the  result  of  slow  release  of  ATP  from  RBCs  containing  expanded 
ATP  pools. 

3.  Expanded  Hver,  RBC,  and  plasma  compartment  ATP  pools  yield  inhibition  of 
tumor  growth  in  murine  models  and  a  marked  inhibition  of  host  weight  loss 
in  tumor-bearing  hosts.'**** 


Studies  demonstrating  the  improvement  in  some  hepatic  functions  after  the  intra- 
pentoneal  administration  of  adenine  nucleotides  to  tuinor-beanng  hosts  are  discussed 
in  this  report  along  with  the  implications  of  the  expansions  of  hepatic  ATP  pools 
with  regard  to  the  inhibition  of  host  weight  loss  in  tumor-bearing  hosts 


METHODS 


CT26  tumors  were  grown  in  the  footpads  of  CB6F,  mice  according  to  previously 
published  procedures,'***'  On  day  I,  8-wcek-old  males  were  Inoculated  with  CT26 
cells.  On  day  9,  when  100%  of  the  animals  carried  palpable  tumors,  treatment  sched¬ 
ules  were  initiated.  Treatment  consisted  of  daily  intraperitoneal  injections  of  2  ml  of 
saline  or  25  mM  of  AMP  or  ATP  in  2  ml  of  saline  (AMP  or  ATP  solutions  were 
adjusted  to  pH  6.4)  for  10  consecutive  days.  Blood  was  withdrawn  from  the  inferior 
vena  cava  into  l-ml  syringes  (500  fit  per  mouse)  while  the  animals  were  anesthetized 
with  ether.  Blood  was  collected  on  day  19,  that  is,  on  the  first  day  aRer  the  last 
injection.  Animals  were  weighed  and  tumor  sizes  were  determined  every  3  days  On 
day  19,  animals  were  weighed  before  blood  collection  and  tumors  were  excised  and 
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weighed  after  blood  collection.  Blood  was  allowed  to  clot  and  retract,  and  serum  was 
collected  by  centrifugation.  Serum  phosphodiesterase  activities  were  determined  using 
a  modification  of  the  published  thin>iayer  chromatographic  assay.’*  Incubation  mix* 
tures  contained  10  of  serum  in  a  toud  volume  of  25  fd  containing  100  mM  HEPES 
(pH  8  0),  5  mM  MgClj,  and  0  05  mM  of  [’H]Ap«A  (of  !  Ci/mmol  specific  radio¬ 
activity).  Incubations  were  performed  for  30  min.  The  rate  of  degradation  of  [’H]Ap4A 
was  linear  during  the  30-min  incubation  at  37  *C  Thin-layer  chromatography  on 
poly(ethylene)imine-cellulose  was  carried  out  according  to  the  published  procedures.” 


RESULTS  AND  DISCUSSION 


Treatment  of  tumor-bearing  murine  hosts  with  adenine  nucleotides  results  in 
significant  anticancer  effects.  The  activity  of  the  administered  adenine  nucleotides  is 
mediated  by  the  expansions  of  liver,  RBC,  and  blood  plasma  compartment  (extra¬ 
cellular)  ATP  pools,’^”  This  anticanccr  activity  consists  of  direct  effects  of  the  ex¬ 
tracellular  ATP  on  the  tumor  cells,  as  has  b^  observed  in  in  vitro  systems  and 
host-mediated  responses,  which  are  induced  by  the  expansion  of  total  liver,  RBC,  and 
plasma  compartment  ATP  pools.  Our  previous  results  demonstrate  that  intraperitoneal 
injections  of  adenine  nucleotides  yield  expansions  of  total  hepatic  ATP  pools.  Cir¬ 
culating  RBCs  take  up  the  adenosine  precursor  needed  for  the  expansion  of  RBC 
ATP  pools  in  the  hepatic  sinusoids,”*”  The  increased  supply  of  adenosine  as  a  salvage 
precursor  for  increased  RBC  ATP  synthesis  is  the  result  of  the  turnover  of  expanded 
liver  ATP  pools.”  RBCs  containing  expanded  ATP  pools  slowly  release  micromolar 
amounts  of  ATP  into  the  extracellular  plasma  compartment.*®  The  levels  of  ATP  in 
the  extracellular  plasma  compaitment  resulting  from  this  release  can  sustain  elevated 
steady  state  plasma  ATP  concentrations  (pools)  in  spite  of  the  strong  catabolic  ec- 
toenzymatic  and  soluble  enzymatic  activities  that  catalyze  the  degradation  of  ATP  in 
the  vascular  bed,’*-*®”  As  noted  earlier,  in  addition  to  the  inhibition  of  tumor  growth, 
host  weight  loss  was  markedly  inhibited  in  tumor-bearing  hosts.  Although  tumor  size 
is  related  to  the  rate  of  weight  loss,  the  inhibition  of  tumor  growth  and  host  weight 
loss  in  tumor-bearing  hosts  did  not  exhibit  a  cause-effect  relationship.*®**'  The  com¬ 
ponent  of  the  inhibition  of  weight  loss  due  to  decreased  tumor  size  in  treated  animals 
could  be  separated  from  the  direct  effects  of  adenine  nucleotides  on  host  functions. 
These  direct  effects,  which  constitute  another  component  of  the  inhibition  of  weight 
loss,  presumably  account  for  the  inhibition  of  weight  loss  in  tumor-bearing  murine 
hosts.*®*'  Fluid  retention  (see  the  data  for  AMP-  or  ATP-treated  mice**)  or  alterations 
in  food  consumption  by  the  treated  animals  (data  not  shown)  were  eliminated  as 
possible  causes  of  the  inhibition  of  weight  1<^  in  tumor-bearing  hosts. 

Weight  loss  is  a  frequent  and  poorly  understood  aspect  of  cancer.”  The  prognostic 
effect  of  weight  loss  on  the  response  rate  to  chemotherapy  in  patients  with  a  variety 
of  tumor  types  has  been  established.  Chemotherapy  response  rates  were  lower  in 
patients  with  weight  loss  and  reversal  of  poor  nutritional  state  was  shown  to  affect 
the  outcome  in  cases  where  the  anticanccr  therapy  was  inherently  effective.”  Intra¬ 
venous  Infusions  of  nutritional  sul^trate  for  support  of  tumor-baring  hosts  (total 
parenteral  nutritional  support)  were  shown  to  be  ineffective.  Tumor  growth  is  generally 
increased  to  a  greater  extent  than  is  host  tissue  growth.”  Although  cancer  cachexia 
in  man  as  well  as  in  experimental  animals  produces  not  only  host  weight  bss  but  also 
anorexia,  hormonal  aberrations,  and  depletion  and  redistnbution  of  host  components, 
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all  of  which  lead  to  a  progressive  decline  in  vital  host  functions,^  much  of  the  attention 
has  been  focused  on  the  alterations  in  energy  metabolism  in  cancer  patients.^’  Glu< 
coneogenesis  from  lactate  and  ammo  acids  was  proposed  to  account  for  lactate^re> 
cycling  and  the  enormous  expenditures  in  energy  that  occur  in  the  liver  and  kidney 
cortex  during  cancer  cachexia.^^  Whereas  gluconeogcnesis  is  costly  in  terms  of  the 
number  of  ATP  molecules  required  for  glucose  synthesis  from  lactate  in  the  liver  and 
kidney  cortex,  anaerobic  glycolysis  of  the  newly  synthesized  glucose  at  another  site, 
namely  the  tumor,  occurs  at  a  rapid  rate  and  produces  fewer  molecules  of  ATP.  This 
type  of  host-tumor  interplay  was  suggested  as  the  main  reason  for  the  progressive 
weight  loss  associated  with  cancer  cachexia.***^  Aberrations  in  glucose  metabolism 
showing  marked  Increases  in  Cori  cycle  activity  (the  cyclic  metabolic  pathway  in 
which  glucose  is  converted  to  lactic  acid  which  is  in  turn  utilized  for  glucose  resynthesis 
in  the  liver  via  gluconeogcnesis)  have  been  demonstrated  using  radioactively  labeled 


TABLE  1.  Serum  Phosphodiesterase  Activities  in  Non^Tumor-Bearing  (NTB)  and  Tu¬ 
mor-Bearing  (TB)  Mice  after  Treatment  with  Adenine  Nucleotides* 


Animal 

Treatment* 

Phosphodiesterase 

Activity 

(pmol$/mm<ftl  serum) 

Total  Serum 
Protein 
(g/dl) 

Final  Body 
Weight' 

(8) 

Final  Tumor 
Weight 
(8) 

NTB/Saline 

1.13  ±019 

4.8  ±  03 

27.2  ±  2.3 

NTB/ATP 

1.21  t  0.20 

4.7  ±  0.3 

25  9  ±  2.4 

TB/No  treatment 

063  ±  009 

4.7  ±  04 

21.1  £  2.1 

If 

o 

•<- 

(p  <  Ml') 

(p  <  Ml') 

TB/Salmc 

0.63  ±0.11 

4.9  ±  0  3 

20.9  ±26 

2.1  ±  05 

0>  ^  .ooio 

(p  <  .001-) 

TB/AMP 

1.12  ±  022 

4.9  ±  0.4 

25.9  t  2  8 

1.2  ±  03 

(p  <  .001*) 

(p  <  .010 

(p  <  0050 

TB/ATP 

083  ±  0.15 

4.8  ±  03 

25  6  ±  2  8 

1.0  ±  04 

(p  <  .05*) 

(p  <  .010 

(p  <  0050 

*  ExpenmenUl  protocols  are  described  in  the  text. 

*  Each  group  included  10  animals  No  deaths  occurred  before  the  end  of  the  experiment 

*  Total  body  weight  including  the  tumor. 

^  Statistical  significance  as  compared  to  the  NTD/Saline  group  (Student’s  /  test) 

*  Statistical  significance  as  compared  to  the  TB/Salme  group  (Student's  t  test). 


precursors  in  human  cancer  patients  suffering  from  progressive  weight  loss*®  Fur¬ 
thermore,  the  significant  depletion  of  h<»t  viweral  energy  stores  by  a  progressively 
growing  tumor  was  recently  demonstrated  in  experimental  animals.*'  The  utilization 
of  ^‘P  nuclear  magnetic  resonance  spectroscopy  in  \ivo  demonstrated  a  marked  re¬ 
duction  in  total  rat  liver  ATP  pools  and  increases  in  total  liver  inorganic  phosphate 
levels  at  the  point  where  the  growing  tumor  began  to  adversely  affect  the  weight  of 
tumor-bearing  animals.*' 

Data  outlined  in  this  paper  show  that  the  intrapentoneal  administration  of  AMP 
or  ATP  to  mice  (CB6F|)  taring  syngeneic  palpable  tumors  (CT26)  resulted  in  marked 
inhibitions  of  tumor  growth  and  host  weight  loss  m  tumor-beanng  mice  (Table  1). 
In  order  to  assess  the  improvement  in  hepatic  functions  after  adenine  nucleotide 
treatments  of  tumor-beanng  mice,  the  activity  of  a  soluble  serum  protein  that  is 
synthesized  in  the  liver  and  acts  in  catalyzing  the  degradation  of  extracellular  nu- 
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cleotides  in  the  blood  was  determined.-This  protein,  serum  phosphodiesterase,  utilizes 
AP4A,  in  addition  to  a  wide  range  of  adenine  nucleotides,  as  a  substrate  yielding  AMP 
and  ATP.*'  **^*  Isoenzymes  of  this  proton  were  reported  to  be  elevated  in  cases  of 
clinically  diagnosed  liver  cancer, but  not  in  serum  of  patients  suffering  from  cancers 
other  th^  liver  cancers/’  Significant  decreases  in  serum  phosphodiesterase  were  ob* 
serv^  in  tumor-bearing  hosts,  and  tr^tmeht  with  adenine  nucleotides  restored  the 
activity  of  the  serum  protein  almost  to  the  levels  found  in  non-tumor-bearing  animals 
(Table  1).  Syrithesis  of  this  enzyme  is  most  likely  induced  in  the  liver  by  adenine 
nucleotides,  which  are  the  substrates  for  the  catabolic  activity  of  the  enzyme.  Thus 
the  increas^  activity  of  the  enzyme  in  the  sera  of  tumor-bearing  mice  after  treatment 
with  adenine  nucleotides  is  indicative  of  the  improvement  in  the  energy  state  and 
metabolic  functions  of  the  liver/'  Hepatic  gluconeogenesis  was  proposed  as  a  target 
for  inhibition  in  previous  attempts  to  defuse  a  treatment  for  cancer  cachexia  and 
progressive  weight  loss/*’*^**  In  this  regard,  it  is  important  to  note  that  elevated  ATP 
pools  were  shown  to  effectively  inhibit  gluconeogenesis  in  isolated  rat  liver  hepato- 
cytes.*’ 

In  conclusion,  data  presented  in  this  report  and  elsewhere"  suggest  that  the  marked 
inhibition  of  host  weight  loss  in  tumor-b^ng.  animals  after  the  intraperitoneal  ad¬ 
ministration  of  adenine  nucleotides  is  in  part  the  result  of  the  expansion  of  total  hepatic 
ATP  pools.  These  elevated  ATP  pools  improve  liver  functions  by  abolishing  the 
deterioration  in  the  energy  state  of  the  liver,  a  deterioration  known  to  occur  after  the 
onset  of  cancer  cachexia/*-’^"  The  expansion  of  hepatic  ATP  pools,  which  was  also 
shown  to  inhibit  gluconeogenesis  in  isolated  hepatocytes,"  is  likely  to  provide  a 
significant  inhibition  of  the  Cori  cycle  in  tumor-bearing  hosts.  The  Cori  cycle  is  viewed 
by  many  as  the  reason  for  the  depletion  of  visceral  energy  stores  in  cancer  patients 
and  a  likely  cause  of  weight  loss  in  these  patients."*^' 
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DISCUSSION  OF  THE  PAPER 


I.  Friedberg  (Tel  Aviv  Untversity,  Tel  Aviv.  Israel)'.  Cockcroft  and  Gomperts 
(Biochem,  J.  188:  789,  1980)  have  shown  that  ATP  induces  the  release  of  histamine 
from  mast  cells.  On  the  other  hand,  side  effects  due  to  this  phenomenon  were  not 
detected  m  your  study  or  in  Chaudry’s  study.  Do  you  have  an  explanation  for  the 
lack  of  side  effects? 

Rapaport:  The  most  probable  explanation  is  that  conditions  are  different  in  a 
whole  animal  as  compared  to  isolated  mast  cells  treated  with  low  levels  of  ATP*'. 
In  a  h(»t,  there  are  probably  several  factors  that  affect  mast  cells— factors  that  are 
themselves  influenced  by  the  elevated  levels  of  extracellular  plasma  compartment  ATP. 

I.  H.  Chaudry  (Michigan  State  University,  East  Lansing,  Ml)'.  With  regard  to 
the  potential  side  effects  of  ATP-MgClj,  I  would  like  to  mention  that  with  the  infusion 
of  ATP-MgClj  there  are  no  signifleant  side  effects,  at  least  if  this  agent  is  infused  up 
to  0.3  mg/kg/min.  There  are,  however,  subjective  feelings  of  warmth  and  dryness 
of  the  throat  that  disappear  as  soon  as  the  infusion  is  stopped.  If  one  administers 
ATP-MgClj  above  0.4  mg/kg/min,  there  is  hypotension  and  an  associated  feeling  of 
nausea. 

G.  Weisman  (University  of  Missouri.  Columbia.  MO)'.  Have  you  considered  that 
the  antitumor  effects  of  ATP  m  vitro  may  be  due  to  generation  of  aden(»ine  from 
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extracellular  ATP  and  uptake  of  adenosine  by  the  cells?  In  HeppePs  groups  afler 
heanng  of  your  results,  we  also  found  that  ATP  (but  not  adenosine)  inhibited  the 
growth  of  transformed  mouse  fibroblasts.  We  also  showed  that  adenosine  translocator 
inhibitors,  such  as  NBTI  and  dipyridamole,  blocks  the  inhibitory  efifect  of  ATP,  and 
that  $ubop;'mal  doses  of  adenosine  added  to  the  cells  over  a  long  period  (16  hr)  were 
as  effective  as  ATP  in  inhibiting  cell  growth.  Our  evidence  supported  the  role  of 
adenosine  in  the  induction  of  pyrimidine  starvation,  as  shown  by  Ishii  and  Green  (/. 
CellSci.  13:  429,  1973). 

Rapaport:  I  am  aware  of  your  studies  with  regard  to  the  in  siru-produced  aden* 
osine  (7.  SioL  Chem.  263: 12367, 1988)  exhibiting  cytotoxicity  against  fibroblasts.  My 
in  vitro  studies,  however,  demonstrate  that  tumor  cells  of  epithelioid  morphology  are 
resistant  to  cytotoxicity  or  cytostatic  effects  of  adenosine  or  AMP  at  a  variety  of  levels 
and  schedules  of  administration.  These  cells,  however  are  very  sensitive  to  low  mi* 
cromolar  levels  of  ADP  or  ATP.  Adenosine  toxicity  in  fibroblasts  induces,  as  you 
mentioned,  pyrimidine  starvation.  The  cytostatic  and  cytotoxic  effects  of  ADP  and 
ATP  against  tumor  cells  of  epithelioid  morphology  were  not  the  result  of  pyrimidine 
starv'ation. 


PART  II.  ADSmSE  SUCLEOTIDE  AND  NUCLEOSIDE  RECEPTORS; 
CHEMISTRY  AND  CLASSIFICATION 

Structural  and  Chemical  Properties 
of  ATP  and  Its  Metal  Complexes  in 
Solution 

MILDRED  COHN 

Department  of  Biochemistry  and  Biophysics 
University  of  Pennsyivania  ^hooi  of  Medicine 
Philadelphia.  Pennsylvania  I9I04 


INTRODUCTION 


ATP  is  ubiquitous  in  cells  and  tissues  and  is  a  most  versatile  molecule  both 
functionally  and  conformationally.  Many  of  its  functions  may  be  inferred  from  Figure 
1.  As  indicated,  it  is  the  central  compound  for  stonng  chemical  energy— energy  that 
is  transduced  in  many  essential  biological  processes.  Nucleoside  triphosphates  such 
as  ATP  serve  in  the  first  step  of  all  macromolecular  biosynthescs  by  enzymatic  transfer 
of  a  nucleotidyl  group  concomitant  with  the  formation  of  inorganic  pyrophosphate. 
ATP  also  serves  as  a  source  of  phosphorylating  metabolites  and  proteins  by  enzymatic 
transfer  of  the  y*phosphoryl  group  with  the  concomitant  formation  of  adenosine 
diphosphate.  In  binding  to  some  proteins.  ATP  acts  as  an  nfector  of  activity. 

The  question  arises  which  inherent  features  of  its  structure  are  correlated  with  its 
various  functions.  Some  aspects  of  this  question  have  been  considered  by  Westheimer 
in  his  oapor  entitled,  ‘‘Why  Nature  Chose  Phiwphates.”*  Of  pnmary  importance  is 
the  negative  charge  of  ATP  at  physiological  pH.  It  is  always  ionized  because  the  first 
pH  of  a  phosphate  group  is  a^ut  pH  2.  One  consequence  is  the  usual  retention  of 
ATP  within  the  cell  with  significant  exceptions  of  particular  relevance  to  this  volume. 
The  negative  charge  on  .ATP  is  crucial  for  two  other  propenies  of  the  nucleotide,  its 
kinetic  stability  to  hydrolysis  and  Us  binding  to  metal  ions  and  to  positively  charged 
iiioicties  of  proteins.  The  negative  charge  makes  phosphoanhydrides  much  less  vul* 
nerable  to  nucleophilic  attack  by  hydroxide  ion  or  water  than,  for  example,  carboxylic 
anhydrides.  The  retention  of  thermodynamic  instability  coupled  to  kinetic  stability  in 
an  aqueous  medium  is  indispensable  for  the  role  of  ATP  in  bioenergetics.  Binding  to 
proteins  as  substrate  or  effector  depends  not  only  on  charge  but  also  on  the  formation 
of  many  types  of  intermolecuiar  hydrogen  bonds  and  the  ability  of  its  ring  system  to 
stack  witli  aromatic  groups  of  the  protein. 

Some  structural  parameters  of  ATP  and  other  nucleotides  remain  invariant  whether 
in  crystals  or  solution  or  whether  liganded  to  metals  or  proteins.  Thus  the  nbose  is 
always  D-ribose,  and  the  adenine  is  always  linked  by  a  /3*N-glycosidic  linkage.  In 
solution  many  conformations  may  coexist,  but  in  a  crystal  or  m  a  protein  complex, 
there  is  only  one  conformation. 

For  example,  ATP  may  exist  in  two  conformations  about  the  glycostdic  C(r)-N 
bond,  syn  if  N-3  of  adenine  lies  above  the  plane  of  the  sugar  group,  and  anti  if  N-3 
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FIGURE  1.  Formation  and  utilization  of  ATP  in  cells. 


points  away  from  the  sugar  group.  NMR  studies  have  shown  that  ATP  in  $olution> 
in  an  equilibrium  mixture,  lies  predominantly  but  not  exclusively  in  the  anti  confor* 
mation.  Which  conformation  ATP  adopts,  or  anti,  on  binding  to  a  protein  is 
unpredictable  because  intermolecular  interactions  such  as  hydrogen  bonding  and  stack* 
ing  effects  are  oRen  critical.  Even  in  solution,  the  equilibrium  may  be  shifted  to  the 
syn  form  by  structural  modification.  In  8*Br*ATP,  the  syn  conformation  is  assumed, 
but  2*C1*ATP  remains  in  the  anti  form.’  In  tubercidine  tnphosphate  (N*7  is  replaced 
by  CH),  the  purine  can  rotate  around  the  glycosidic  bond,  and  no  preference  exists 
for  syn  or  anti  * 


STRUCTURE  OF  ATP 


The  direct  methods  for  determining  structure,  X^ray  diffraction  for  crystals  and 
NMR  for  solutions,  both  have  their  limitations.  Only  Naj-ATP-JH^O  has  been  suc¬ 
cessfully  crystallized  and  analyzed  by  X-ray  diffraction.*-’  Evaporation  of  solutions  of 
divalent  metal  ion  salts  and  nucleoside  polyphosphates  invariably  leads  to  mixtures 
of  metal  phosphates  and  nucleoside  monophosphates.  Divalent  metal  ions  have  been 
shown  to  catalyze  hydrolysis  of  ATP.*  Several  adenosine  diphosphate  species  have 
been  successfully  crystallized  and  have  had  their  structures  determined:  the  free  acid,’ 
the  isomorphous  crystals  of  Rb-ADP.3HA*-’  Rb-ADP-HA""  K.ADP.2HA"“ 
and  Tris-(hydroxymcthyl  )methylammonium-ADP  •  2H2O.’* 

In  the  Na^-ATP  ■  HjO  crystal,  ATP  e.xists  as  an  asymmetric  dimer  with  two  sodium 
ions  coordinating  the  two  ATP  molecules  through  the  phosphate  oxygens  and  N-7. 
There  is  no  evidence  for  a  dimeric  species  of  Na^-ATP  in  solution.  In  the  crystal,  the 
triphosphate  chain  is  in  the  folded  conformation,  but  it  forms  a  left-handed  helix  in 
one  ATP  of  the  dimer  and  a  right-handed  helix  in  the  other.  The  conformation  of 
the  nbose  rings  also  differs  with  C-3'  endo  in  one  ATP  and  02'  endo  in  the  other. 

Sodium  ATP  in  solution  has  been  investigated  with  ”P  and  ”Na  by  titration  with 
NaCl  at  constant  pH  6  7.'*  With  NMR,  there  is  no  difficulty  in  obtaining  data  for 
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ATP  in  any  form;  however,  there  is  difficulty  in  interpreting  the  data  in  structural 
terms.  The  pure  spectra  of  two  species,  Na-ATP’"  and  NaH-ATP**,  could  be  ob* 
served,  and  to  reconcile  the  spectra  of  mixtures,  it  was  necessary  to  postulate  equilibria 
involving  two  other  species,  ATP^“  and  H«ATP*“.  The  constants  for  the  equilibria 
between  the  pairs  of  species  were  calculated,  as  were  some  dynamic  parameters  of 
the  system. 


BINARY  Mg-ATP  COMPLEX 


It  should  be  pointed  out  that  Mg^*-ATP  or  another  divalent  ion  complex  is  always 
the  relevant  ATP  species  at  the  catalytic  site  of  enzymes  and  often  at  other  protein- 
binding  sites.  For  many  cells  and  tissues,  the  metal-coordinated  form  is  the  predom¬ 
inant  species;  in  extracellular  fluid  with  5  mM  Ca**  and  3  mM  Mg*^,  ATP  would 
be  almost  exclusively  coordinated  to  Ca**  and/or  Mg**.  Phosphorus-31  NMR  is 
particularly  useful  in  delineating  the  conformation  of  the  polyphosphate  chain.  In 
solution,  there  is  only  a  small  effect  of  Mg**  coordination  on  the  adenine  ring  as 
inferred  from  the  small  chemical  shifts  of  H-1  and  H-$  in  'H  NMR.'^  It  is  unnecessary 
to  invoke  binding  of  Mg**  to  N  on  the  adenine  ring  because  the  small  protein  chemical 
shifts  can  be  explained  by  changes  in  base  stacking.  Further  presumptive  evidence 
indicating  that  Mg**  is  not  bound  to  the  adenine  nng  arises  from  comparisons  of  *'P 
NMR  spectra  of  the  magnesium  complexei  of  ATP,  nbose  triphosphate,  and  inorganic 
tnpolyphosphate.'*  All  three  complexes  f,ave  essentially  the  same  chemical  shifts  and 
spin-lattice  relaxation  times  for  the  three  *'P  nuclei.  The  'H  NMR  parameters  of  the 
nbose  moiety  of  ATP  were  not  significantly  affected  by  Mg**  complexation,  although 
one  possible  exception  was  observed  —a  small,  unexplained  chemical  shift  of  H-3'.** 
The  coordination  complex  with  the  three  phosphate  groups  of  ATP  supplying  ligands 
for  Mg**  is  the  predominant  species.  The  ^-P  shows  the  largest  shift,  as  first  reported 
in  1962,**  because  its  P-0  bond  angles  change  the  most,*'  as  shown  in  Figure  2.  In 


FIGURE  2.  Conformations  of  (A)  ATP  and  (B)  Mg-ATP  deduced  from  *'P  NMR.  Probable 
conformations  in  solution  of  (C)  Mg-ATP  and  (D)  Mg,-ATP.“ 
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Mn**-ATP,  the  paramagnetic  effect  of  on  the  relaxation  rates  of  a-P,  /3*P,  and 
7*P  indicates  that  all  three  phosphates  are  hganded  to  Mg^*,  but  only  affects 
and  7-P,  forming  a  bidentatc  complex.” 

Analogues  of  ATP  with  the  nonbndgmg  oxygen  substituted  by  sulfur  on  the  a-, 

or  y*phosphate  may  be  synthesized”  When  the  a*  or  /3-  phosphate  is  so  modified, 
a  new  chiral  center  is  created  on  the  corresponding  phosphorous  and  two  diastereomers 
designated  Rp  and  Sp  exist  for  the  phosphorothioates  ATPaS  and  AT?0S  (Fig.  3). 
The  diastereomers  may  be  distinguish^  by  ’‘P  NMR  spectroscopy.*^  The  Mg** 
complexes  of  the  Rp  and  Sp  diastereomers  are  designated  A  and  A,  respectively.  It 
should  be  pointed  out  that  the  coordination  of  Mg**  to  ATP  also  creates  chiral  centers 
at  a-P  and  /3»P  when  their  phosphates  are  Hganded  to  Mg**.  The  use  of  Mn(II) 
electron  paramagnetic  resonance  (EPR)  spectroscopy  has  allowed  the  diastereomers 
of  Mn(II)*ADP  to  be  distinguished  stereospecifically  with  ”0  at  a-P.*'  A  number  of 
stable  diastereomers  of  metal-ATP  complexes  with  Cr(III)  and  Co(III),  that  is, 
substitution-inert  chiral  complexes  with  bidentate  (0~y)  coordination  or  tridentate 
(a-/3-7)  coordination,  were  synthesized  by  Cleland  and  co-workers.**  All  diastcr- 
eoisomers  of  ATP  and  their  metal  complexes  serve  as  stcrcospecificity  probes  of  the 
protein  sites  to  which  they  bind. 


TERNARY  AND  HIGHER  COMPLEXES  OF  ATP 


A  number  of  model  ternary  complexes  have  been  crystallized  and  have  had  their 
crystal  structures  determined  by  X-ray  diffraction,  including  the  dimeric  species  of 
bis((ATP)(2,2'-bipyridine)Zn(II))-4HjO**  and  the  isomorphous  Mg**,  Ca**,  Mn**, 
and  CO**  complexes  with  ATP  and  2,2*-dipyndylamine.**  The  relevance  of  these 
structures  to  metal-ATP-protcin  complexes  is  somewhat  dubious.  The  conformation 
ATP  or  Mg**-ATP  assumes  upon  binding  to  a  protein  is  always  monomeric,  the 
details  of  the  conformation  being  largely  determined  by  the  binding  domain  on  the 
protein. 
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FIGURE  3.  The  Mg**  complexes  of  the  R,  and 
isomers  of  ATP^S  ( A  and  A,  respectively),  and 
the  Cd**  complexes  of  the  R,  and  isomers  of 
ATPjSS  (A  and  A,  respectively) 
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TABLE  1.  Dissociation  Constants  from  Yeast  3>Phosphoglycerate  Kinas^* 


Catalytic  Site 

Secondary  Site 

Compound 

(mM) 

(mM) 

ATP 

70 

05 

Mg-ATP 

6$ 

50 

A  number  of  different  methods  have  been  used  to  investigate  the  higher  complexes 
of  ATP  or  metal*ATP  with  enzymes  and  other  proteins.  Both  direct  methods,  which 
include  X^ray  diffraction  in  the  crystalline  state  and  NMR  and  £PR  in  solution,  and 
indirect  methods,  which  utilize  ATP  analogues  modified  in  the  adenine  or  nbose  or 
phosphate  moieties  to  determine  specificity  and  stereochemistry  of  binding,  have  con* 
tnbuted  to  the  elucidation  of  the  structuies  of  bound  ATP.  llie  most  staking  con* 
elusion  from  an  overwhelming  number  of  studies  is  that  ATP  is  capable  of  assuming 
different  conformations  when  bound  to  different  proteins  even  in  a  group  of  enzymes 
that  catalyze  the  same  type  of  reaction. 


SPECinCITY 


The  simplest  aspect  of  structural  specificity  in  an  ATP-protein  complex  is  that  of 
the  metal  ion.  In  almost  all  enzymatic  reactions  of  ATP,  the  substrate  is  a  divalent 
ion  complex  of  ATP,  but  uncoordinated  ATP  may  bind  at  other  sites.  An  example 
IS  the  enzyme  3«phosphoglycerate  kinase,  which  requires  Mg-ATP  at  the  catalytic  site 
but  binds  ATP  at  a  secondary  site  ”  The  binding  constants  of  ATP  and  Mg-ATP^’ 
are  given  in  Table  1;  note  that  the  secondary  site  prefers  ATP  to  Mg* ATP  by  a 
factor  of  10. 

In  the  reaction  catalyzed  by  adenylate  kinase,  that  is,  Mg-ATP  +  AMP  «  Mg- 
ADP  +  ADP,  where  ATP  is  the  phosphoryl  donor  in  the  forward  direction  and 
ADP  is  the  phosphoryl  donor  in  the  reverse  direction,  only  the  ATP  donor  is  coor¬ 
dinated  to  Mg**.  Thus,  in  the  reverse  reaction,  bound  ADP  at  the  acceptor  site  (ATP 
site)  is  in  the  form  of  Mg-ADP,  but  the  bound  donor  ADP  (AMP  site)  is  not 
coordinated  to  Mg**,  as  demonstrated  by  *‘P  NMR.** 

In  most  enzymatic  reactions  of  ATP,  Mn**,  Co**,  and  Ca**  can  substitute  for 
Mg**,  although  the  catalytic  rate  is  somewhat  affected.  In  those  complexes  where  the 
metal  ion  binds  to  the  protein,  however,  as  in  pyruvate  kinase,  Ca**  cannot  substitute 
for  Mg**,  probably  bscause  of  size  One  dynamic  property  that  differs  1000-fold 
between  Mg**  and  Ca**  is  the  rate  of  complex  formation.  As  shown  in  Figure  4,** 
the  fast  rate  of  exchange  on  the  NMR  time  scale  between  free  ATP  and  Ca*ATP 
leads  the  *‘P  NMR  spectrum  (at  a  2.5:1  ATP.Ca**  ratio)  to  show  a  narrow  /5-P 
resonance  at  a  chemical  shift  intermediate  between  ATP  and  Ca*ATP.  For  the  anal¬ 
ogous  exchange  between  free  ATP  and  Mg*ATP  (at  a  2:1  ATP:Mg**  ratio),  the  /?• 
P  resonance  is  broadened  because  the  exchange  rate  is  not  fast  enough  on  the  NMR 
time  scale. 

Examining  the  base  specificity  for  enzyme  activity  and/or  binding  reveals  that 
there  are  some  enzymes  that  will  accept  only  ATP  or  another  single  nucleoside 
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FIGURE  4.  Spectra  obUjncd  usmg  *‘PNMR.  (A)Mg*ATP,  Mg*ATP/ATP  in  a  I/l  mixture, 
and  ATP.  (B)  Ca-ATP,  Ca-ATP/ATP  w  a  1/ 1.5  mixture,  and  ATP.” 


triphosphate,  some  that  will  accept  only  ATP  and  CTP,  and  some  that  will  accept 
adenosine,  cyttdine,  guanosiue,  or  uridine  tnphosphates. 

The  aminoacyht-RNA  synthetases  have  b^n  investigated  extensively  for  substrate 
specificity.  Freist^  has  reported  on  the  activities  of  20  enzymes  from  E  coli  and  13 
enzymes  from  yeast  with  eight  analogues  of  ATP.  Four  of  these  analogues  had 
modifications  at  the  adenine  (iV*-meihyl,  2-chloro,  8*bromo,  and  T-deaza  (tuberci* 
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dine)),  and  four  had  modifications  at  the  nbose  (2'‘deoxy,  3'-deoxy,  2'*methoxy,  and 
3'«mcthoxy).  Only  the  8*Br-ATP  analogue  (^n  conformation)  was  never  a  sut^trate, 
but  It  was  an  inhibitor  for  a  number  of  enzymes.  There  was  no  analogue  that  was  a 
substrate  for  the  whole  group  of  enzymes.  The  most  active  analogue,  the  2-chloro 
derivative,  was  a  substrate  for  23  of  the  33  enzymes.  The  other  analogues  varied  with 
each  member  of  the  group,  and  acted  as  substrates  for  some,  were  inhibitors  for  others, 
or  had  no  effect.  The  only  conclusion  that  can  be  drawn  is  that  the  structural  re¬ 
quirements  for  ATP  binding  to  a  group  of  functionally  similar  proteins  differ  greatly 
in  detail. 

Experiments  with  analogues  of  ATP  can  at  best  give  qualitative  information  about 
the  bound  structure  of  Mg-ATP.  A  most  ingenious  modification  of  ATP  was  introduced 
by  Leonard  and  co-workers^*  that  in  favorable  cases  can  yield  dimensionally  quan¬ 
titative  information.  An  excellent  inhibitor  of  porcine  muscle  adenylate  kinase  is 
diadenosine  pentaphosphate,  AftA  (ATj  =  1.2  X  10“’  M).^*  The  corrcsi^nding  te- 
traphosphate,  Ap4A,  which  differs  in  its  phosphate  chain  length  by  2.7  A,  is  not  a 
goil  inhibitor  (/T,  =  1.2  X  10“’  M).’*  TTie  modification  introduced  yielded  a  fused 
ring  2.4  A  in  length  between  the  two  rings  of  adenine  at  one  end  of  the  molecule  (P'- 
(lin  bcnzo-5'-adcnosyl)-P*-(5'-adenosyl)tetraphosphate)  and  the  corresponding  pen¬ 
taphosphate.  The  tetraphosphate  thus  lengthened  was  a  more  effective  inhibitor  (A^ 
»  5  X  10“’  M)  than  the  pentaphosphate  (iiT,  *  5  X  10'*  M)  Furthermore,  the 
modified  form  is  fluorescent,  and  it  could  be  shown  that  the  compounds  are  intra* 
molecularly  stacked  in  aqueous  solution.  When  bound  to  the  enzyme,  however,  the 
phosphate  chain  assumes  an  “open’"  or  “extended”  structure.  The  finding  that  Mg- 
Ap)A  bound  to  adenylate  kinase  in  an  extended  form  had  been  shown  directly  by  ’'P 
NMR:  Ap}A  in  solution  is  a  symmetrical  molecule  with  two  NMR  peaks,  but  the 
’‘P  spectrum  of  bound  Mg-Ap,A  has  five  peaks  ^ 

liie  specificity  of  the  phosphate  chain  has  been  investigated  with  a  number  of 
analogues  The  bridging  oxygens  have  been  substituted  with  a  CHj  group  or  an  NH 
group.  The  methylene  modification  differs  more  in  structure  from  ATP  than  the  imido 
modification.  AMPPNP  binds  to  all  ATP  sites,  but  it  is  generally  stable  to  hydrolases 
and  often  less  active  or  inactive  as  substrate  for  other  ATP  enzymes.’’  A  nonbndging 
oxygen  may  be  substituted  by  a  sulfur  at  a-,  0%  or  y-P  to  form  the  respective 
phosphorothioates,  which  are  generally  substrates  for  ATP-utilizing  enzymes,  except 
for  ATPyS,  which  is  not  susceptible  to  enzymatic  hydrolysis  The  stability  of  the 
phosphorothioate  ATPyS  makes  it  useful,  particularly  in  those  systems  where  ATP 
hydrolysis  is  coupled  to  activation.  In  these  systems,  it  becomes  possible  to  determine 
whether  binding  is  sufficient  or  whether  hydrolysis  is  necessary.” 


METAL  COORDINATION  SCHEME  OF  METAL-ATP-PROTEIN 
COMPLEXES 


Four  methods  are  available  in  solution  to  determine  the  ligands  of  ATP  to  the 
metal  ion:  1)  Apparent  reversal  of  stereospecificity  of  phosphorothioate  complexes  of 
Mg**  versus  Cy**.  2)  The  measurement  of  enzyme  activity  of  stable  Cr(III)  and 
Co(III)  bidentatc  (/3-y)  or  tndertate  (0“i3-y)  complexes  of  ATP  3)  Paramagnetic 
effect  of  Mn(Il)  or  Co(II)  on  the  NMR  relaxation  rates  of  phosphorus  nuclei  of  ATP 
in  mctal-ATP*protein  complexes.  4)  The  hyperfine  splitting  due  to  ATP  labeled  with 
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in  the  nonbridging  oxygens  on  the  EPR  spectrum  of  Mn(II)*ATP*protein.  Of 
these,  only  the  third,  the  NMR  method,  can  yield  distances. 

TTbe  phosphorothioate  approach  depends  on  findings  from  the  NMR  spec^ 
troscopy  that  Mg’*  coordinates  preferentially  to  oxygen  and  that  Cd’*  coordinates 
preferentially  to  sulfur.”  Thus  the  A  isomers  of  Mg  complexes  arc  formed  from  the 
Sp  isomers  of  ATPaS  and  ATP/JS,  but  the  A  isomers  of  Cd  complexes  are  formed 
from  the  Rp  isomers  (Fig.  3).  If  an  enzyme  is  stereoselective  for  the  A  isomer  of  the 
metal  complex,  then  a  reversal  of  stereoselectivity  of  to  Rp  may  be  expected  when 
Mg’*  and  Cd’*  complexes  xospectively  arc  used  as  substrates.  Such  a  reversal  was 
very  marked  for  ATP/3S  in  the  hexokinase  reaction,”  but  no  reversal  was  seen  with 
ATPaS,  and  it  was  concluded  that  the  bid^tate  /S-y  coordination  structure  held  for 
this  enzyme.  Those  enzymes  that  show  reversal  with  both  ATPaS  and  ATP/JS  are 
inferred  to  use  tridentate  metal  ATP  coordination  in  their  substrates.  Not  all  results 
are  clear-cut,  and  limitations  may  arise  if  the  a-P  is  not  liganded  in  the  rate-determining 
step  in  the  reaction  or  if  constraints  of  the  protein  interaction  force  Cd-0  rather  then 
Co-S  ligands  to  form.  The  stereoselectivity  reversal  is  thoroughly  reviewed  by  Eck¬ 
stein.” 

The  enzymatic  activity  or  lack  thereof  of  various  Cr(III)  and  Co{ni)  bidentate 
and  tndentate  complexes  has  been  used  extensively”*”  to  determine  both  the  coor¬ 
dination  scheme  as  well  as  the  stereochemistry  of  enzyme-bound  metal-ATP.  The 
paramagnetic  Cr(ni)  complexes  have  also  been  utilized  as  distance  probes  in  NMR 
expenments.  The  metal  coordination  scheme  inferred  from  this  approach  is  not  always 
unequivocal.  At  best,  one  is  usually  observing  a  single  turnover  because  the  complex 
is  substitution  inert,  and.  when  the  true  substrate  is  the  tndentate  complex, 
the  complex  may  not  show  activity  because  of  kinetic  and  structural  constraints  in 
this  species. 

The  NMR  method  of  determining  distances  from  the  metal  ion  to  each  of  the 
three  P  atoms  has  been  extensively  used  by  Mildvan  and  his  co-workers”-”  and  by 
Nageswara  Rao  and  his  co-workers.”  The  effect  of  a  paramagnetic  center  on  the 
nuclear  spin  relaxation  time  of  nuclei  m  the  system  is  a  function  of  the  inverse  sixth 
power  of  the  distance  between  the  paramagnetic  center  (such  as  Mn(Il)  to  a  nucleus 
such  as  a-P  of  ATP)  and  also  of  r,,  the  correlation  time,  and  the  exchange  time 
between  bound  and  free  species.  Measurements  of  the  frequency  dependence  and 
temperature  depiendencc  of  the  nuclear  spin  relaxation  times  serve  to  distinguish  the 
magnitudes  of  the  vanous  contnbutions.  TTie  creatine  kinase  mctal-ATP-enzyme  com¬ 
plex  was  investigated  using  first  Mn(ll)and  then  Co(lI)a$  the  paramagnetic  species.” 
The  relaxation  rates  of  the  Mn(n)  complex  were  found  to  be  limited  by  the  exchange 
rate  of  the  free  and  bound  forms  of  Mn-ATP.  The  Co(II)  complexes  were  not  exchange 
limited  and  yielded  a  range  of  distances  for  a-,  and  y-P,  indicating  that  all  three 
are  within  the  first  coordination  sphere  of  the  metal  ion.  Therefore  the  tndentate 
complex  is  the  substrate  The  corresponding  metal-ADP  bidentate  a-p  complex  is 
the  substrate  in  the  reverse  direction.  The  metal-ATP  structure  for  adenylate  kinase,*® 
on  the  other  hand,  proved  to  be  the  bidentate  P-y  complex  of  metal-ATP.  The 
corresponding  metal-ADP,  monodentate  P  complex  is  the  substrate  in  the  reverse 
direction.  The  limitations  and  pitfalls  of  this  method  have  been  discussed.”**  The 
most  frequently  encountered  problem  is  that  the  relaxation  rate  is  pnmanly  determined 
by  the  exchange  rate  rather  than  the  distance  It  should  be  noted  that  the  NMR 
method  is  the  only  one  that  yields  distance  between  atoms. 

The  EPR  method,  with  which  a  hyperfine  effect  may  be  observed  in  the  spectrum 
of  a  Mn(II)  complex  when  the  ligand  is  labeled  with  ”0,  allows  unequivocal  assign¬ 
ment  of  the  phosphate  ligands  of  protein-bound  Mn-ATP,  as  demonstrated  by  Reed 
and  co-workers  *’■*’  Thus,  in  agreement  with  the  NMR  expenments,  the  coordination 


COHN:  ATP  AND  ITS  METAL  COMPLEXES 


159 


of  metal'ATP  bound  to  creatine  kinase  was  found  to  be  tndentate.  In  addition,  the 
number  of  water  molecules  liganded  to  Mn(II)  can  be  ascertained  by  observing  the 
EPR  spectrum  in  H2‘^0.  All  ligands  of  creatine  kinase  were  accounted  for.  The 
chief  limitation  of  this  technique  is  the  n»:es$ity  for  the  EPR  spectrum  to  have 
sufficiently  narrow  lines  to  make  the  hyperfine  effect  observable 

The  four  methods  do  not  always  ^ve  the  same  result.  The  disagreements  are 
usually  due  to  inherent  ambiguities  and  limitations  of  some  of  the  methods,  as  discussed 
in  the  references  cited  The  totality  of  the  evidence,  however,  indicates  convincingly 
that  for  some  proteins  the  tndentate  a-fi-y  metal  coordination  complex  is  the  active 
species,  and  that  for  others  it  is  the  bidentate  p-y  complex. 


FIGURE  5.  Partial  EPR  spectra  of 
the  Mn‘ADP»3*phosphoglycerale 
kinase  complex.  Upper  curve:  com* 
panson  of  unlabeled  ADP  and  the 
R,  isomer  of  Mn*ADP  (a*‘^0); 
lower  curve-  comparison  of  the  R, 
and  isomers  of  Mn*ADP 
(a*„0).** 


STEREOSELECTIVITY 

As  desenbed  above,  the  bidentate  fi-y  Mg**  complex  has  a  chiral  center  on  the 
/3*P  and  the  tndentate  a-0~y  complex  has  chiral  centers  at  both  the  a-P  and  the 
P.  The  entenon  of  the  efficacy  of  a  substrate,  the  value,  has  been  obtained 

for  Sp  and  Rp  diastereoisomers  of  the  Mg**  complexes  of  ATPaS  and  ATP/JS  for  a 
number  of  enzymes  “ 

The  stereoselectivity  of  Mg-ATP  itself  for  the  Rp  and  Sp  diastereoisomers,  on  a* 
P  and  )3-P,  respectively,  has  only  been  detected  by  labeling  each  nonbndging  oxygen 
on  a-P  or  /3-P  stereospecifically,  that  is,  Rp(**0)  and  Sp(”0),  and  observing  the  effect 
of  each  diastereoisomer  on  the  EPR  spectrum  of  bound  Mn-ATP,  a*'’0,  or  )3-‘*0 
The  EPR  method  of  determining  stereoselectivity  of  Mn(II)-ADP  is  exemplified  by 
a  study  of  the  interaction  of  Mn-ADP  stereospecifically  labeled  ‘*0  with  the  3- 
phosphoglycerate  kinase  enzyme.**  As  shown  in  Figure  5,  for  one  portion  of  the 
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Mn*ADP  (a-‘’0)-cnzyme  spectrum,  the  R,  isomer  is  identical  with  that  of  unlabeled 
ADP,  but  the  Sp  isomer  exhibits  broadening  due  to  the  interaction  of  Mn  with  ”0 
in  the  a  position. 


BINDING  DOMAINS  OF  ATP 


In  considerations  of  the  nature  of  the  binding  site  for  ATP  on  proteins,  it  must 
be  emphasized  that  the  binding  site  is  not  a  static  structure.  The  ATP  binding  site 
structure  changes  as  other  ligands  bind  to  the  protein.  For  the  kinases,  the  progressive 
changes  in  the  nucleotide  binding  site  as  each  ligand  is  added  are  reflected  in  the 
effects  of  enzyme-bound  Mn*ADP  or  Mn-ATP  on  the  enhancement  of  the  proton 
relaxation  rate  of  water  in  NMR,  and  in  the  progressive  changes  in  EPR  spectra  of 
the  same  complexes.^’  Simitar  progressive  changes  have  been  observed  in  these  systems 
in  the  ^'P  NMR  chemical  shifts  of  enzyme-bound  nucleotides,  again  indicating  a 
change  in  the  conformation  in  the  ATP  binding  domain  of  the  protein  as  the  second 
substrate  or  cofactors  are  added.  Thw  geometric  arrangement  of  the  ngid  Co(III)- 
ATP  bound  to  PP-nbosc-P  synthetase  changes  when  nbose-5-P  is  bound  to  the  enzyme, 
as  shown  in  Figure  6.^ 

The  electronic  structures  and/or  geometnc  structures  of  both  the  nucleoside  and 
phosphate  moieties  of  protein-bound  nucleoside  triphosphates  differ  considerably— as 
discussed  for  the  aminoacyl  tRNA  synthetases  and  the  kinases,  respectively.  For 
adenylate  kinase,  the  binding  of  the  two  nucleotides  at  the  active  site  differ  both  for 
the  phosphate  chain*®  and  the  adenine  moieties,*’  as  shown  by  the  NMR  (’H  and 
*'P)  of  the  bound  bisubstrate  analogue  Ap,A. 

Unexpected  amino  acid  sequence  homologues  are  sometimes  encountered  for  ap¬ 
parently  unrelated  proteins  For  example,  48%  homology**  and  71%  hydropathy*’ 


FIGURE  6  Structure  deduced  from  “P  NMR 
of  Co(lII  )ATP  bound  to  PP-nbose-P  synthetase. 
The  same  complex  with  nbosc-5-P  bound  to  the 
enzyme  ** 
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FIGURE  7.  Structure  of  Mg*OTP  and  its  binding  domain  on  p21  deduced  from  X>ray  dif* 
fraction  ” 


have  recently  been  found  between  E.  coii  tyrosyl  tRNA  synthetase  and  human  estrogen 
receptor.  A  similarity  m  the  GTP  binding  domains  of  the  elongation  factor  EF-Tu 
and  the  GTP  binding  site  of  the  Ha  ras  oncogene  product,  p21,^  is  not  surprising, 
but  the  close  similarity  of  the  ATP  binding  domain  of  adenylate  kinase  to  that  of  the 
GTP  binding  domain  of  p2l”'’^  was  unanticipated.  In  addition  to  evidence  from 
structural  studies  of  adenylate  kinase  by  NMR”’’  and  X«ray  diffraction,”  point 
mutations  in  the  nucleotide  binding  domain  of  E  coJt  adenylate  kinase  greatly  affects 
the  kinetics  and  structure  of  the  enzyme,”  as  has  been  found  for  p2!.  The  crystal 
structure  of  the  GTP  binding  domain  of  p2]  Ha  ras  in  its  conformation  has  been 
determined  m  greater  detail  (Fig.  7)  than  any  other  nucleoside  tripho$phate<binding 
protein.  Every  structural  interpretation  is  bolstered,  for  example,  by  activity  changes 
in  solution  with  analogues,  and  by  mutations  (see  Baker”  and  the  references  therein). 
The  investigators  used  a  fully  active  truncated  form  of  p21  (1-166  amino  acids) 
complexed  with  the  slowly  hydrolyzable  analogue  GppNp.  The  structure  has  the  same 
topology  and  shares  a  high  degree  of  amino  acid  sequence  homology  with  the  GDP 
binding  domain  of  EF-Tu,  the  only  other  guanine  nucleotide-binding  protein  with  a 
known  three-dimensional  structure.  The  crystal  structure  of  the  GDP-bound  form  of 
p21  has  been  determined,”  and  significant  differences  between  the  diphosphate  and 
triphosphate  complexes  have  been  noted.  Their  similarity  to  the  differences  between 
the  EF-Tu  complexes  of  GDP  and  GTP  led  the  authors  to  suggest  that  perhaps  the 
same  structural  elements  are  involved  for  all  guanine  nucleotide-binding  proteins  in 
their  transition  between  GDP-  and  GTP-bound  forms 

As  shown  in  Figure  7,  the  three  main-chain  nitrogens  of  residues  13  to  16  (in 
the  loop)  and  those  of  17  and  IS  (in  the  following  helix)  point  toward  and  are  within 
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3.5  A  of  the  phosphate  oxygens.  These  nitrogens  can  form  hydrogen  bonds.  For 
example,  the  amide  nitrogen  of  residue  18  forms  a  hydrogen  bond  to  the  pro-R  oxygen 
of  the  a-phosphate.  Supporting  evidence  arises  from  experiments  with  GDPaS  and 
GTPaS  showing  that  replacement  of  the  %  oxygen  by  sulfur  leads  to  greater  activity 
than  replacement  of  the  Rp  oxygen.  The  amino  group  of  Lys  18  lies  close  enough  to 
the  7«phosphate  to  allow  an  ion-pair  interaction. 

The  guanine  base  is  situated  between  the  aromatic  side  chain  of  Phe  28  on  one 
side  and  the  aliphatic  part  of  the  side  chain  of  Lys  1 17  on  the  other.  The  binding  of 
the  guanine  base  is  greatly  facilitated  by  the  strong  hydrogen  bond  between  0-6  of 
the  guanine  ring  and  the  amide  nitrogen  of  Ala  146.  When  the  0-6  of  guanine  is 
removed  (h6-GDP),  the  affinity  for  p21  is  decreased  2S-fold.  The  modification  has 
an  even  greater  effect  for  EF-Tu.  Asp  119,  which  lies  close  to  the  N-l  and  the  N-2 
of  guanine,  is  part  of  the  N-K*X-D  sequence,  which  is  highly  conserved  in  all  guanine 
necleotide-binding  proteins.  The  nbose  moiety  of  GppNp  is  in  a  T-endo  conformation. 
The  T  and  3'*hydroxyl  groups  are  e.xposed  to  the  solvent,  in  agreement  with  the 
hnding  that  at  least  one  of  the  hydroxyl  groups  can  be  substituted  in  GDP  and  GTP 
without  changing  the  binding  affinity. 

The  phosphate-binding  loop  in  both  the  GDP  and  GTP  structures  is  wrapped 
around  the  ^-phosphate  group.  In  addition  to  the  four  main-chain  peptide  nitrogens 
in  the  loop,  there  are  other  main-chain  amide  nitrogens  that  interact  with  phosphates: 
NH-17,  NH-18,  and  NH-60.  As  expected  from  the  work  in  solution,  Mg*^  binds  in 
a  bidentate  complex  as  it  does  in  the  EF-Tu  complex.  In  addition  to  the  two 
phosphate  ligands  of  Mg*^,  at  least  two  of  the  remaining  four,  Ser  17  and  Thr  35, 
are  close  enough  to  the  metal  ion  to  be  in  the  first  coordination  sphere,  and  Asp  57 
may  be  close  enough  as  well.  Thr  35  also  interacts  with  an  oxygen  of  y-phosphate. 
Mutations  of  Tlir  35  •*  Ser  or,  even  worse,  Thr  35  ••  Ala  affect  the  interaction  with 
the  GTPase-activating  protein.  Further  detailed  relationships  between  structure  and 
function  can  be  found  in  Baker,*'  but  the  ones  discussed  above  illustrate  the  importance 
of  the  protein  on  the  conformation  of  the  bound  metal  nucleotide 

In  conclusion,  as  more  detailed  quantitative  data  is  collected  from  X-ray  diffraction 
and  NMR,  together  with  experiments  on  chemically  modified  nucleotides,  which  could 
reveal  protein  sequence  homologies  and  Identify  mutationally  modified  proteins,  some 
generalizations  will  be  possible  concerning  the  effect  of  the  structure  of  the  binding 
domain  on  the  conformation  of  the  bound  metal  nucleotide.  Perhaps  it  will  be  found 
that  one  criterion  of  topographical  similarity  of  the  binding  domains  may  well  be  the 
metal  coordination  scheme,  that  is,  the  existence  of  )3-y  bidentate  coordination  or 
a-^-y  tridentate  coordination  of  nucleoside  triphosphates. 
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DISCUSSION  OF  THE  PAPER 


E.  Rapaport  {Boston  University  School  of  Medicine,  Boston,  MA ):  Have  you  ever 
observed  a  folded  conformation  of  ATP  that  could  exist  at  around  pH  S  where  the 
purine  nng  acquires  a  partial  positive  charge  and  may  interact  electrostatically  with 
the  partially  negatively  charged  phosphate  moieties?  We  have  seen  such  interactions 
in  our  studies  of  the  preferred  conformations  (in  solutions)  of  ApiA  and  ApjA.  These 
compounds  possess  a  stacked  conformation  at  pH  7  and  37  *C,  but  when  the  pH  is 
dropped  to  4-5,  they  switch  to  a  folded,  unstacked  conformation  because  of  the  type 
of  interactions  mentioned  above. 

CoHN:  In  solution.  ATP  molecules  ajc  stacked  intermolecularly,  and  ApiA  or 
Ap,A  are  stacked  intramolecularly.  As  far  as  I  know,  the  effect  of  pH  on  the  stacking 
of  ATP  has  not  been  examined  by  NMR.  The  binding  of  Ap>A  to  adenylate  kinase 
unstacks  the  intramolecular  stacking  as  evidenced  by  the  appearance  of  five  different 
*'P  peaks  in  enzyme-bound  Ap^A  as  opposed  to  the  two  peaks  seen  for  Ap}A  in 
solution. 

*  T.  Forrester  {St.  Louis  University  Medical  Center,  St.  Louis,  MOy.  Two  ques¬ 
tions:  Can  you  comment  upon  the  nature  of  the  disodium  salt  of  ATF7  You  stated 
that  the  high  negative  change  on  AtP  kept  the  molecule  inside  the  cell.  How  does 
that  agree  with  the  inside  of  the  cell  being  negative?  Is  the  protein  binding  of  ATP 
intracellular  enough  to  overcome  the  tendency  for  ATP  to  be  repulsed  out  of  the  cell? 

CoiiN:  The  high  charge  on  ATP  makes  it  difficult  to  go  through  the  lipid  mem¬ 
brane.  Extracellular  ATP  does  not  enter  cells.  Nor,  for  that  matter,  do  other  charged 
species  Specific  mechanisms  are  required  to  release  ATP  from  cells. 
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INTRODUCTION 


In  1978,  Bumstock'  proposed  a  system  for  the  classification  of  the  receptors  at 
which  adenosine  and  adenine  nucleotides  act  to  produce  their  diverse  and  numerous 
effects.  This  proposal  was  based  on  a  review  of  the  extensive  literature  concerning  the 
actions  of  purine  nucleosides  and  nucleotides  on  a  wide  variety  of  tissues.  This  clas¬ 
sification  system  termed  the  receptors  at  which  the  purine  nucleosides  and  nucleotides 
act  purinoccptors  and  proposed  that  there  were  two  major  subtypes,  the  P|>  and  P^- 
purinoceptors.  This  classihcation  system  was  based  on  four  criteria: 

1.  The  relative  potencies  as  agonists  of  adenosine,  AMP,  ADP,  and  ATP 

2.  The  selective  actions  of  antagonists,  particularly  methyixanthmes  such  as  theo¬ 
phylline. 

3.  The  activation  of  adenylate  cyclase  by  adenosine  but  not  by  ATP. 

4.  The  induction  of  prostaglandin  synthesis  by  ATP  but  not  by  adenosine. 


According  to  this  classification,  P,-punnoceptors  are  more  responsive  to  adenosine 
and  AMP  than  to  ADP  and  ATP.  Methylxanthines  such  as  caffeine  and  theophylline 
are  selective  antagonists  at  these  P, -purinoceptors,  and  occupation  of  these  receptors 
alters  the  activity  of  adenylate  cyclase,  P, -purinoceptors  are  more  responsive  to  ADP 
and  ATP  than  to  adenosine  and  AMP.  Methylxanthines  are  not  antagonists  at  such 
receptors,  and  occupation  of  these  receptors  may  result  in  increased  prostaglandin 
synthesis. 

In  this  review,  the  present  understanding  of  Pj-  and  Pt-purinoceptors  will  be 
discussed  in  terms  of  the  original  entena  proposed  by  Bumstock  for  their  classification. 


CLASSIFICATION  OF  PURINOCEPTORS  UTILIZING  THE 
RELATIVE  POTENaES  OF  ADENOSINE  AND  ADENINE 
NUCLEOTIDES  AS  AGONISTS 


Classification  systems  for  the  receptors  for  adenosine  were  independently  proposed 
by  Van  Calker  et  al^  and  Londos  et  al^  These  classifications  were  based  on  the  relative 
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potencies  of  adenosine  analogues  as  agonists,  and  on  whether  such  agonists  increased 
or  decreased  the  activity  of  adenylate  cyclase.  It  was  proposed  that  occupation  of  At 
(Ri)  receptors  results  in  inhibition  of  adenylate  cyclase  whereas  occupation  of 
(R,)  receptors  results  in  activation  of  the  enzyme. 

The  actions  of  adenosine  at  both  A|  and  Ai  receptors  are  antagonized  by  meth* 
ylxanthines  such  as  caffeine  and  theophylline.  Because  of  this  finding,  At  and  Aj 
receptors  can  be  regarded  as  subtypes  of  the  Pi^purinoceptor. 

A  problem  in  the  use  of  adenosine  in  such  studies  is  that  it  is  subject  to  transport 
into  tissues  and  to  hydrolysis  by  adenosine  deaminase.  As  a  consequence,  the  potency 
of  adenosine  as  an  agonist  in  peripheral  tissues  is  signihcantly  potentiated  by  inhibitors 
of  adenosine  transport  such  as  dipyridamole  and,  to  a  lesser  extent,  by  inhibitors  of 
adenosine  deaminase  such  as  deoxycoformycin.^  It  is  essential  therefore  that  the  uptake 
of  adenosine  is  inhibited  if  the  true  potency  of  the  nucleoside  is  to  be  established. 

In  peripheral  tissues,  AMP,  ADP,  and  ATP  are  subject  to  extracellular  breakdown 
by  ectonucleotidases  to  adenosine.^  As  a  consequence,  it  is  oi^en  difficult  to  decide 
whether  the  effects  produced  by  the  adenine  nucleotides  are  produced  by  the  nucleo¬ 
tides  per  se  or  are  produced  following  the  formation  of  adenosine.^  The  use  of 
theoph)  nine  as  an  adenosine  antagonist  or  of  dipyridamole  as  an  inhibitor  of  adenosine 
transport  in  such  studies  has  not  always  been  helpful.  In  rat  vas  deferens,  for  example, 
a  series  of  2'-sub'tituted  adenine  nucleotide  analogues  were  not  hydrolyzed  to  aden¬ 
osine  as  determined  by  HPLC  analysis  but  their  presynaptic  inhibitory  effects  were 
antagonized  by  theophylline  and  potentiated  by  dipyridamole.*  In  guinea  pig  atria, 
through  the  use  of  exogenous  adenosine  deaminase,  5'>nucIeotida$e,  and  inhibitors  of 
5'>nucleotida$e,  evidence  was  obtained  that  ATP  could  apparently  act  directly  at  P,* 
pufinoceptors.’* 

These  considerations  have  led  to  the  realization  that  the  potencies  of  adenosine 
and  adenine  nucleotides  as  agonists  are  subject  to  a  number  of  important  modifying 
factors.  Because  the  classihcation  of  P,-  and  Pj-purinoceptors  could  be  complicated 
by  these  modifying  factors,  increasing  reliance  has  been  placed  on  the  actions  and 
potencies  of  adenosine  and  adenine  nucleotide  analogues  less  susceptible  to  enzymatic 
breakdown  and/or  tissue  uptake.*’® 


CLASSinCATION  OF  P^PURINOCEPTOR  SUBTYPES  UTILIZING 
ADENOSINE  AGONISTS 


Adenosine  analogues  have  been  used  extensively  to  determine  which  P|-punno- 
ceptors  belong  to  the  A,  subtype  and  which  belong  to  the  Aj  subtype.*  '®  Particular 
reliance  has  been  placed  on  the  relative  potencies  of  A^-(R)-(phenyli$opro- 
pyl)adcnosinc  (R-PIA),  A^‘-(5)-(phenyIisopropyl)adenosine  (5-PIA),  iV*-cyclohex- 
yladenosme  (CHA),  2-chloroadeno$ine  (2-CADO),  and  5'-iV*clhyI- 
carboxamidoadenosine  (NECA).  It  has  been  concluded,  for  example,  that  at  A, 
receptors /?*PI  A,  CPA  >  NECA,  5-PI  A  >  adenosine,  whereas  at  Aj  receptors  NECA 
>  2-CADO  >  5-PIA,  CHA  >  adenosine.’® 

The  relative  potencies  of  adenosine  analogues  reported  in  the  literature  for  15 
different  tissues  were  recently  reviewed  by  one  of  us,"  with  particular  attention  being 
paid  to  the  potencies  of  i?-PIA,  5-PIA,  CHA,  iV*-cycIopentyIadcnosme  (CPA), 
NECA,  and  2-(phenylamino)adenosine  (CV-1808)  It  was  concluded  that  the  poten¬ 
cies  of  R-PIA,  CHA,  and  CPA  are  gene^ly  so  similar  that  there  is  little  to  be  gained 
by  using  more  than  one  of  these  three  iV*-substituted  analogues  It  was  proposed  that 
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the  following  represent  reasonable  working  criteria  for  the  classification  of  adenosine 
or  Pfpurinoceptors: 


1.  Rank  order  of  potency  of  CPA  (or  CHA),  NECA»  and  CV>1808.  The  order 
at  Ai  receptors  is  CPA  (or  CHA)  >  NECA  >  >  CV-1808,  and  the  order  at 
Aj  receptors  is  NECA  >  CV-1808  >  CPA  (or  CHA). 

2.  Ratio  of  potencies  of  R*P1A  and  S'*PIA.  A  ratio  of  greater  than  20  suggests 
that  the  receptor  is  Aj  in  type,  and  a  ratio  of  less  than  10  suggests  that  it  is 
A]  in  type.  The  potency  of  R*P1A  should  be  greater  than  that  of  S^PIA  at  both 
receptors. 

3.  Ratio  of  potencies  of  NECA  and  CV-1808.  A  ratio  of  greater  than  40  suggests 
that  the  receptor  is  A|  in  type,  and  a  ratio  of  less  than  20  suggests  that  it  is 
A)  in  type,  llie  potency  of  NECA  should  be  greater  than  that  of  CV-1808  at 
both  receptors. 

We  have  recently  examined  the  utility  of  a  multidimensional  scaling  procedure'^ 
for  the  classification  of  adenosine  receptors.  The  aim  of  this  analysis,  employing 
ALSCAL,  was  to  objectively  determine  the  relative  importance  of  different  analogues 
in  distinguishing  between  the  adenosine  receptors  in  different  tissues.  Distances  between 
samples  were  expressed  as  the  differences  in  potency  (nanomolar)  between  samples. 
Data  were  then  sailed  using  the  INSCAL  model  assuming  interval  data  and  individual 
differences.  Samples  were  given  weights  by  ALSCAL  on  two  dimensions. 

In  this  analysis  the  following  adenosine  agonists  were  selected  for  study:  CHA, 
CPA,  R-PIA,  i'PIA,  2-CADO,  CV-1808,  and  NECA— analogues  that  have  been 
extensively  used  in  studies  of  adenosine  receptor  subtypes.  These  analogues  also  ap¬ 
peared  to  have  potential  utility  for  this  purpose  as  they  have  been  considered  to  be 
helpful  in  the  classification  of  adenosine  subtypes.  Published  results  were  included  in 
the  study  if  the  potencies  for  at  least  four  of  these  analogues  were  reported,  as  this 
is  the  minimum  number  of  values  required  by  the  ALSCAL  program.  Results  of 
published  studies  of  89  different  tissues,  parameters,  or  processes  were  recorded  and 
examined. 

For  IS  tissues  or  preparations,  potency  values  for  all  seven  adenosine  analogues 
were  available.  These  tissues  were  examined  in  detail  using  the  multidimensional 
scaling  procedure,  which  provided  values  for  two  dimensions  It  was  found  that  in 
the  absence  of  values  for  either  5'-PIA  or  CV-1808  the  scaling  procedure  did  not  allow 
the  assignment  of  tissues  to  two  groups  or  subtypes.  When  both  .^-PIA  and  CV-1808 
were  included  in  such  scaling,  however,  it  was  found  that  tissues  could  be  readily 
assigned  to  one  of  two  groups. 

In  group  1,  dimension  1  was  >0.9  while  dimension  2  was  <0.1;  in  group  2, 
dimension  1  was  generally  <0.1  white  dimension  2  was  >0.9.  All  10  tissues  or 
preparations  in  group  1  had  been  assigned  to  the  A,  subtype  by  the  authors  of  the 
papers  reporting  the  original  data  used  in  this  analysis,  while  5  tissues  or  preparations, 
with  one  exception,  in  group  2  had  been  originally  assigned  to  the  Aj  subtype.  The 
single  exception  was  the  presynaptic  inhibitory  receptor  iii  rat  vas  deferens,  which 
bad  been  originally  assigned  to  the  A,  subtype.'^  Subsequent  studies  have  indicated 
that  the  actions  of  some  analogues  in  this  tissue  (for  example,  NECA)  are  more 
complex  than  at  first  thought,  and  may  reflect  actions  at  both  A,  and  Aj  receptors. 

As  a  result  of  these  preliminary  studies,  the  following  two  combinations  of  ana¬ 
logues  were  selected  for  further  study  utilizing  this  multidimensional  scaling  procedure: 
1)  R-PIA  (or  CHA),  S'-PIA,  CV-IS08,  and  NECA;  2)  R-PIA  (or  CHA),  S'-PIA,  2- 
CADO,  and  NECA.  These  combinations  were  then  used  in  a  study  of  the  larger  group 
of  89  tissues  or  preparations. 
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It  was  found  that  only  one  combination  of  analogues  (R^PIA,  S^PIA,  CV-1808, 
and  NECA)  allowed  the  clear  separation  into  two  groups  of  23  tissues  or  preparations 
for  which  values  for  the  four  analogues  had  been  reported.  These  corresponded  to 
the  original  designation  of  such  tissues  as  being  A,  or  Aj  in  type»  with  the  exception 
of  rat  vas  deferens,  as  noted  previously.  Additional  details  of  the  method  and  the 
results  obtained  will  be  published  separately.  In  these  tissues  at  A|  receptors,  R-PIA 
>  (or  =)  NECA  >  5-PIA  >  CV-I808  (or  /J.PIA  >  5-PIA  >  NECA  >  CV- 
1808):  at  Aj  receptors,  NECA  >  CV-1808  =  A-PIA  >  S-PIA. 

It  seems  reasonable  to  conclude  that  this  multidimensional  scaling  procedure  has 
potential  in  the  classification  of  P^punnoceptor  subtypes  and  indeed  of  all  receptor 
subtypes.  As  a  result  of  this  statistical  approach,  it  is  proposed  that  a  study  of  the 
relative  potencies  of  J2«PIA,  ^^PIA,  CV-1808,  and  NECA  is  likely  to  be  particularly 
helpful  in  the  classification  of  P,-purinoceptors  as  being  Ai  or  A^  in  subtype.  The 
addition  of  CHA  and/or  CPA  to  such  studies  is  unlikely  to  add  very  much  as  their 
potencies  are  so  similar  to  that  of  R-PIA. 

Recent  detailed  structure-activity  studies  have  resulted  in  the  synthesis  of  adenosine 
analogues  with  increased  selectivity  in  radioligand  binding  studies.  ^-[(1R,2.9,45}- 
2-£'/ido-norbomyl]adenosine  (5-ENBA)  has  been  reported  to  have  >  1800-fold  selec¬ 
tivity  for  A,  receptors,**  whereas  iV‘-((/{5)-2-(3,5-dimethoxyphenyl)-2-(2-methyl- 
phenyl)ethyl]adenosine  (PD  125,^)  and  2-(2-phenylethylammo)-S'-V- 
carboxamidoadenosine  (CGS  21577)  have  been  reported  to  have  about  30-fold'’  and 
60-fold'*  selectivity,  respectively,  for  Aj  receptors.  It  is  obvious  that  these  analogues 
should  be  included  in  future  studies  designed  to  classify  the  adenosine  receptor  subtype 
present  in  different  tissues  and  that  their  potencies  should  be  compared  to  the  potencies 
of  R-PIA,  5-PIA,  CV-1808,  and  NECA.  It  seems  very  likely  that  the  addition  of  such 
analogues,  provided  that  their  reported  A,  or  A^  selectivity  can  be  confirmed  in  other 
tissues,  will  greatly  facilitate  the  classification  of  P,-punnoceptor  subtypes. 

Another  approach  that  has  been  used  in  the  study  of  Pi-purinoceptor  subtypes  is 
an  examination  of  the  effect  of  hypothennia  on  responses  of  peripheral  tissues  to 
adenosine  and  2-CADO.'*  It  was  found  that  in  tissues  with  adenosine  receptors  of 
the  A,  subtype  (rat  vas  deferens,  guinea  pig  ileum,  rat  atria),  lowering  the  temperature 
of  the  external  medium  from  37  ’C  to  27  *C  increased  the  sensitivity  of  tissues  to  the 
adenosine  analogues.  By  contrast,  m  guinea  pig  trachea  this  degree  of  hypothermia 
did  not  alter  tissue  sensitivity  to  the  analogues.  It  was  suggested  that  there  may  be  a 
fundamental  temperature-dependent  diffeience  between  the  two  adenosine  receptor 
subtypes. 

The  L-enantiomers  of  adenosine,  NECA,  2-CADO,  and  2-azidoadeno$ine,  had  no 
inhibitory  effects  in  guinea  pig  atria  and  ileum  (tissues  with  A,  receptors),  and  had 
only  weak  potency  in  guinea  pig  trachea  (a  tissue  with  Aj  receptors),  indicating  that 
the  P|-purinoceptors  in  these  tissues  are  stereospecihe  for  the  D-enantiomers  of  aden¬ 
osine  and  its  analogues  '*  By  contrast,  the  Pj-purinoceptors  have  been  shown  to  lack 
this  degree  of  stereoselectivity.'* 


CLASSIFICATION  OF  P,-PURINOCEPTORS  UTILIZING  ADENINE 
NUCLEOTIDE  ANALOGUES 


The  development  and  utilization  of  a  number  of  adenine  nucleotide  analogues, 
particularly  by  Bumstock,  Cusack,  and  their  (X)lle3gue$,  has  provided  considerable 
evidence  for  a  number  of  Pj-punnoceptor  subtypes."^'* 
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Bumstock  and  Kennedy"  proposed  that  Pj'purinoceptors  could  be  divided  into 
two  subtypes  based  on  the  relative  orders  of  potencies  of  ATP,  a,j8*niethylene-ATP 
(AMP-CPP),  i3,y-methylene-ATP  (AMP-PCP),  and  2'mcthylthio*ATP.  At  Pjx  re¬ 
ceptors,  AMP-CPP,  AMP-PCP  >  ATP,  2-inethylthio-ATP.  At  Pjy  receptors,  2- 
mcthylthio-ATP  >  >  ATP  >  AMP-CPP,  AMP-PCP. 

Cusack  and  his  colleagues  have  synthesized  and  examined  the  actions  of  a  number 
I  of  adenine  nucleotides  that  have  provided  further  evidence  for  the  Pjx  and  Pjy  sub- 

types.”  At  the  Piy  receptor,  2-methylthio-ATP  is  700-fold  more  potent  than  2-meth- 
ylthio-L-ATP,  whereas  the  P2X  receptor  shows  no  stereoselectivity  toward  the  D-  and 
L-enantlomer$  of  ATP,  ADP,  2-chIoro-ATP,  or  2-methyIthio-ATP.  These  workers 
also  demonstrated  that  the  Pcpurinoceptor  shows  absolute  stereoselectivity  for  the 
natural  enantiomer.  Based  on  these  observations  and  the  knowledge  that  AMP-PCP 
is  a  potent  agonist  at  Pjx  receptors,  they  synthesized  /J,y-methylenc-L-ATP  (L-AMP- 
•  PCP).  This  compound  was  found  to  be  the  m<»t  potent  known  agonist  at  Pjx  receptors 

while  having  no  agonist  activity  at  Pjy  receptors.  Adenosine  S'-(2-fluorodiphosphate) 
(ADP-^-F)  may  be  a  selective  agonist  at  P^y  receptors. 

The  receptors  for  ATP  on  platelets  and  mast  cells  do  not  lit  the  or  Pav 
classification  and  have  therefore  b^n  termed  Pit- and  Piz-punnocentors,  respectively.^' 


CLASSIFICATION  OF  P,-PURINOCEPTOR  SUBTYPES  UTILIZING 
ADENOSINE  ANTAGONISTS 


The  utility  of  the  methylxanthines,  caffeine,  and  theophylline  as  adenosine  antag¬ 
onists  IS  limited  because  these  agents  are  not  selective  for  A,  or  A}  adenosine  receptor 
subtypes,  they  are  not  very  potent  as  antagonists,  and  they  also  inhibit  phosphodi¬ 
esterase."  Consequently,  considerable  effort  has  been  devoid  to  the  search  for  aden¬ 
osine  antagonists  that  are  At  or  Aj  selective,  are  more  potent,  and  do  not  inhibit  the 
enzyme,  phosphodiesterase.  A  number  of  promising  compounds  have  proved  to  have 
vei7  limited  solubility,  however,  and  this  has  limited  their  usefulness.  Recent  studies 
in  this  area  have  been  reviewed  by  a  number  of  authors*'** 

8-Phenyltheophylline  is  about  lOO-fold  more  potent  than  theophylline  and  does 
not  inhibit  phosphodiesterase  It  is  also  nonselective,  however,  and  has  a  greatly 
reduced  solubility.*^  To  increase  the  solubility  of  this  agent,  charged  side  chains  have 
been  added  to  the  basic  structure.  The  xanthine  congeners  XCC  and  XAC  have 
resulted  from  this  approach.*  XAC,  the  xanthine  amine  congener  of  8'phenyl-l,3- 
dipropylxanthme.  has  proved  to  be  a  valuable  antagonist  radioligand  for  the  study  of 
A,  receptors  with  a  degree  of  A|  selectivity  in  some  tissues  and  species* 

8-Cyclopentyltheophylline  (CPT)  has  about  lOO-fold  A)  selectivity  in  the  rat,  has 
high  A,  affinity,  has  moderately  go(^  water  solubility,  and  is  only  a  weak  phospho¬ 
diesterase  inhibitor.**  1,3-Dipropyl  substitution  led  to  the  antagonist  8-cyclopentyl- 
1,3-dipropylxanthine  (DPCPX  or  PD  116,948),  which  proved  to  have  a  greater  than 
20-foId  increase  in  A|  affinity  and  a  6-fold  increase  in  A,  selectivity  compared  to  the 
parent  compound,  CPT.** 

CGS  1S943A,  a  tnazoloquinazoline,  has  been  reported  to  be  a  potent  adenosine 
antagonist  with  a  limited  degree  of  Aj  selectivity.**  A  nonxanthine,  CGS  15943 A  does 
not  inhibit  phosphodiesterase. 

Thus  for  the  classification  of  P,-purinoceptor  subtypes,  there  are  now  a  number 
of  xanthine  antagonists  (CPT,  DPCPX)  with  a  significant  degree  of  A|  selectivity, 
and  these  should  certainly  be  utilized  m  classification  studies. 
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TRANSDUCTION  MECHANISMS  FOR  Pj-PURINOCEPTORS 


In  the  original  classification  scheme  for  purinoceptors,  the  P,  subtype  referred  to 
those  punnoceptors  whose  occupation  by  adenosine  resulted  in  activity  changes  for 
adenylate  cyclase.’  The  subclassihcation  of  P^punnoceptors  (or  adenosine  receptors) 
into  A,  (R^)  or  A,  (RJ  subtypes  was  also  based  on  the  ability  of  adenosine  and 
adenosine  analogues  to  respectively  inhibit  or  activate  adenylate  cyclase.^’  As  Bum* 
stock  has  pointed  out,’  however,  few  of  the  actions  of  adenosine  have  been  shown 
conclusively  to  result  from  changes  in  cyclic  AMP. 

In  relation  to  the  presynaptic  inhibitory  actions  of  adenosine,  Fredholm  and 
Dunwiddie^^  have  summarized  the  evidence  that  there  may  be  only  one  type  of  A, 
adenosine  receptor  that  can  couple  with  different  types  of  G  proteins,  each  of  which 
then  interacts  with  a  different  effector  system.  These  appear  to  include  not  only  the 
enzyme,  adenylate  cyclase,  but  also  Ca^*  and  channels  In  atna,  the  A,  adenosine 
receptor  may  be  directly  coupled  to  a  K*  channel  via  a  pertussis  toxin-sensitive  N 
protein.” 

It  was  also  originally  proposed  that  ATP,  but  not  adenosine,  could  induce  pros* 
taglandin  synthesis  ‘  In  endothelial  cells,  for  example,  Boeynaems  and  colleagues  found 
that  there  is  a  burst  of  prostacyclin  synthesis  in  response  to  ADP  and  ATP,  mediated 
by  Piy-purinoceptors.”  These  workers  have  suggested  that  this  may  result  from  a 
rapid  and  transient  increase  of  cytosolic  Ca**  due  to  Ca**  release  from  the  endoplasmic 
reticulum  by  inositol  l,4,5*tnsphosphate,  though  other  mechanisms  are  possible”  In 
the  isolated  rabbit  heart,  adenosine  also  appeared  to  increase  the  formation  of  pros* 
tacyclin,” 

In  view  of  such  considerations,  Bumstock'^  has  concluded  that  punnoceptors 
should  not  be  classified  according  to  their  effect  on  adenylate  cyclase. 


{ 


CONCLUSIONS  AND  FUTURE  DIRECTIONS 


A  decade  has  passed  since  Bumstock*s  proposal  that  receptors  for  adenosine  and 
adenine  nucleotides  be  classified  as  Pr  and  P2*punnoceptors,'  and  it  is  now  clear  that 
this  proposal  has  represented  an  important  advance  and  has  served  as  an  impetus  for 
a  considerable  amount  of  research. 

There  is  now  considerable  evidence  for  at  least  two  subtypes  of  the  P,-punnoccptor, 
the  A,  and  A;  adenosine  receptors  It  is  suggested  that  classification  of  such  receptors 
should  involve  a  study  of  the  relative  potencies  of  the  agonists  R*PIA,  .S-PIA,  CV* 
1808,  and  NECA,  together  with  the  relative  potencies  of  the  newer  agonists  5'*EBNA, 
PD  125,944,  and  CGS  21577,  as  these  agonists  have  been  reported  to  have  significant 
selectivity  for  A)  or  Aj  receptors  Antagonists  should  also  be  employed  m  such  studies, 
and  CPT  and  DPCPX  would  be  important  to  include  in  view  of  their  reported 
selectivity  at  A,  receptors. 

For  the  classification  of  the  Pj^  and  Pjy  subtypes  of  the  Pj-punnoceptor  it  is  clearly 
important  to  use  l*AMO*PCP,  a  selective  agonist,  as  well  as  ATP,  AMP-PCP,  AMP- 
CPP,  and  2-mcthyllhio*ATP.  There  is  clearly  a  continuing  need,  however,  for  more 
potent  and  selective  antagonists  at  p2*punnoceptors 
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INTRODUCTION 


The  design,  synthesis,  and  pharmacology  of  analogues  of  ATP  have  proved  ex¬ 
tremely  useful  m  the  classification  of  Pj-punnoceptors,'  and  provide  clear  evidence 
for  at  least  four  subtypes,*  which  have  bwn  termed  P22,  P,xi  Pjy^  and  Pit-**  The  Pjz- 
punnoceptor  is  found  on  mast  cells,  macrophages,  lymphocytes,  and  epithelial  cells; 
the  excitatory  P]x-punnoceptor,  on  visceral  and  vascular  smooth  muscle  and  sensory 
neurons;  the  inhibitory  P,Y-purinoccptor,  on  visceral  and  vascular  smooth  muscle, 
endothelial  cells,  hepatocytes,  parotid  acini,  type  11  alveoli,  and  pancreatic  cells; 
and  the  Pjrpunnoceptor,  uniquely,  on  blood  platelets*  Systematic  alterations  to  the 
ATP  molecule  define  closely  the  structure-activity  relationships  for  agonist  potencies 
at  each  s  ‘ype  of  the  Pj-purinoceptor.*  In  particular.  2-chloro-ATP,  2-methylthio- 
ATP,  N’-p.ienyl-ATP,  and  8-bromo-ATP  are  used  to  determine  the  effects  of  sub¬ 
stituents  at  vanous  positions  of  the  adenine  base.^*  Replacement  of  the  D-ribose  sugar 
by  its  unnatural  enantiomer  L-nbose  (to  generate  l-ATP)  enables  the  stereoselectivity 
(cnantioselectivity)  of  Pj-punnoceptor  subtypes  to  be  compared.***®  Replacement  of 
an  ionized  oxygen  on  the  inner  or  middle  phosphate  of  the  S'-tnphosphate  chain  by 
ionized  sulfur  so  as  to  produce  the  Rp  and  Sp  diastereoisomers  of  ATP-a-S  and  ATP- 
/3-S,  respectively,  enables  the  stereoselectivity  (diastereoselectivity)  of  this  important 
region  of  ATP  to  be  determined.**’**  The  requirement  for  bndgtng  oxygens  linking 
the  phosphates  is  examined  by  their  replacement  by  methylene  at  the  innermost 
position  as  m  homo-ATP,  between  the  innermost  and  middle  phosphates  as  in  a,j8- 
methylene-ATP,  and  between  the  middle  and  outer  phosphates  as  in  /3,Y-methylene- 
ATP.’*^“  The  necessity  for  electronegativity  at  the  /3,y-position  is  assessed  by  re¬ 
placement  of  that  bndging  oxygen  by  an  imido  group  as  in  /?,y-imido-ATP,  and  by 
dihalomethylene  as  in  )3,y-difluoromcthylene-ATP  and  /?,y-dichloromethylenc- 
ATP.**'* 
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Pjz-PURINOCEPTORS 


Extracellular  ATP  renders  certain  cells  permeable  by  inducing  the  formation  of 
pores  or  lesions  in  the  plasma  membrane  apparently  by  an  interaction  with  a  surface 
receptofi  which  has  b^n  termed  a  P2z*purinoceptor.*  Cells  susceptible  to  such  per* 
meabilization  include  mast  cells,  macrophages,  lymphocytes,  and  some  transformed 
epithelial  cells  in  culture.  Studies  in  the  presence  of  chelating  agents  have  shown  that 
ATP^,  present  as  a  minor  component  in  solutions  containing  magnesium  to  which 
ATP  IS  usually  complexed,  is  the  actual  agonist.^*  On  mast  cells,  where  the  actions 
of  ATP  analogues  have  been  most  extensively  studied  (Fic.  1),  permeabilization  by 
ATP  can  be  monitored  by  the  uptake  of  normally  impermeant  dyes  such  as  ethidium 
bromide,  whose  fluorescence  emission  becomes  enhanced  upon  intercalcating  with 
nuclear  DNA.^*  Of  the  naturally  occurring  nucleoside  triphosphates,  only  ATP  is 
active,  whereas  GTP,  CTP,  and  UTP,  as  well  as  ADP  and  AMP,  arc  without  activity.” 
The  Pjz'purinoceptor  is  exquisitely  sensitive  to  alterations  in  the  structure  of  ATP, 
as  measured  by  upta]:e  of  ethidium  by  rat  mast  cells,  and  only  very  few  ATP  analogues 
can  induce  permeabilization  at  a  concentration  (10  pM)  at  which  ATP  itself  is 
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FIGURE  1.  Structure*activity  rela> 
tionships  for  P„>punnoccptor  ago* 
nists  on  rat  mast  cells. 


maximally  active  Analogues  with  substituents  on  the  0*2  position  of  the  adenine  base, 
such  as  2*chloro*ATP,  2*methy]thio*ATP,  and  2*ethylthio*ATP,  are  at  least  as  potent 
as  ATP,  but  substitution  at  the  C*8  position  as  in  8'bromo*ATP,  or  at  the  position 
as  in  N‘-phcnyl-ATP,  generates  inactive  analogues.”  The  P«*punnoceptor  exhibits 
absolute  stereoselectivity  for  the  naturally  occurnng  enantiomer  of  ATP,  as  the  un* 
natural  enantiomer  l*ATP  is  without  activity,  as  are  the  C*2*substituted  enantiomers 
of  L-ATP,”2-chloro-L-ATP  and  2-melhylthio-L-ATP.  The  5'-triphosphate  chain  is  an 
absolute  requirement,  but  replacement  of  one  of  the  ionized  oxygens  by  ionized  sulfur, 
as  in  ATP-O'S  and  ATP*/?*S,  generates  agonists  more  potent  than  ATP,  although  the 
P^z'purinoceptor  does  not  distinguish  between  the  Rp  or  Sp  diastereoisomers  of  those 
pWphorothioate  analogues  Replacement  of  any  of  the  bridging  phosphate  oxygens 
by  methylene,  as  in  homo*ATP,  a,/?*mcthylcne-ATP,  or  j8,y*methylcnc-ATP,  results 
in  loss  of  agonist  potency,  and  the  unnatural  L*enantiomers,  a,/3*methylene*L*ATP 
and  /3,y*methylcne*L*A'IP  (l-AMP-PCP),  as  well  as  their  electronegative  dichloro- 
and  difluoromethylene  versions,  are  also  inactive.”  Competitive  antagonists  of  the  Pa- 
purinoceptor  are  unknown,  but  2'methylthio*L*ATP  (100  |iM)  added  simultaneously 
with  ATP  (10  fiM)  inhibits  permeabilization  of  rat  mast  cells  by  about  50%,”  and 
may  provide  a  lead  to  the  design  of  selective  antagonists 
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P,x-PURINOCEPTORS 


Extracellular  ATP,  acting  at  excitatory  P2x*punnoceptors,  induces  contraction  of 
visceral  and  vascular  smooth  muscle  such  as  the  unnary  bladder,  vas  deferens,  an* 
nococcygeus,  and  portal  vein.  Studies  of  $tructure*activity  relationships  at  the  P«. 
punnoceptor  have  been  earned  out  most  extensively  on  the  guinea  pig  urinary  bladder 
(Fig.  2).^  All  of  the  naturally  occurring  nucleoside  triphosphates,  GTP,  CTP,  and 
UTP,  as  well  as  ADP,  are  approximately  as  active  as  ATP,  but  GDP,  CDP,  and 
AMP  fail  to  induce  contraction  of  the  bladder.**  2-Chloro-ATP,  2*mcthylthio-ATP, 
and  8*bromo-ATP  have  potencies  similar  to  the  potency  for  ATP,  but  N^-phcnyl- 
ATP  is  inactive.’  l-ATP  is  as  potent  as  ATP  (replacement  of  D*ribose  by  L>ribose 
having  no  effect),  and  so— unlike  the  P«-.  Pn-,  and  PjY'purinoceptors— the  P«- 
punnoceptor  exhibits  no  stereoselectivity  whatever  toward  the  enantiomers  of  ATP 
or  the  enantiomers  of  2-chloro-ATP  or  of  2*methylthio*ATP.‘®  No  stereoselectivity 
IS  exhibited  either  toward  the  diastereoisomers  of  the  phosphorothioate  analogues  of 
ATP,  but  ATP-/3-S  is  much  more  potent  than  ATP,  whereas  ATP*a*S  is  considerably 
less  potent  than  ATP  at  inducing  contraction.”  Among  the  methylene  analogues, 


FIGURE  2.  Structurc*activi(y  relationships 
for  Pjx'punnoceptor  agonists  having  potency 
greater  than  ATP  at  contracting  the  guinea 
pig  urinary  bis^der. 
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homo-ATP  IS  as  potent  as  ATP,  but  a,/3'methylcnC'ATP  and  /3,7-melhylcne-ATP 
arc  much  more  potent.’-”'”  Substitution  of  the  adenine  base,  as  in  2-chloro-^,y- 
mcthylcne-ATP  and  2*methylthio-^,‘y-methylene-ATP,  does  not  lead  to  further  in¬ 
creases  in  potency.*'  Similarly,  the  electronegative  versions,  /J.y-difluoromelhylene- 
ATP  and  jS.y-dichloromethylene-ATP,  and  their  2-methylthio  analogues,  2-methyl- 
thio-jS,y-difluoromcthylcne-ATP  and  2-mcthylthio-/3,y-dichloromcthylcne-ATP,  as 
well  as  ^,y-lmido-ATP,**  are  no  more  potent  than  /8,y-methylene-ATP,  although  all 
of  them  are  much  more  potent  than  ATP  itself  at  contracting  the  urinary  bladder.  A 
senes  of  specific  agonists  for  the  P«-purinoceptor  have  been  designed  based  on  the 
unnatural  enantiomer  l-AMP-PCP  (Fig.  3).”  l-AMP-PCP  is  the  most  potent  known 
agonist  acting  on  Pjx’purinoccptors  in  a  variety  of  tissues  that  respond  to  aTP,”  ”  *^*’ 
yet  is  completely  without  agonist  or  antagonist  potency  at  the  P^y,  Pj^,  and  Pjt 
subtypes.”**’*’  Use  of  l-AMP-PCP  has  important  advantages  over  a,j3-methylcne- 
ATP  and  ^,y-mcthylene-ATP,  which  are  commonly  employed  in  studies  of  Pjx- 
purinoceptors.  l-AMP-PCP  is  completely  resistant  to  dcphosphorylation,”  and  m  any 
event  the  resultant  nucleoside  would  be  the  unnatural  enantiomer  L-adenosme,  which 
IS  inactive  at  adenosine  receptors.*-*  Unlike  o,/8-methylene-ATP  (which  is  of  similar 
potency  and  efficacy  as  ATP  in  some  Pjv-mediated  effects  such  as  relaxation  of  the 
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FIGURE  3.  l*AMP-PCP,  and  its  derivatives, 
^  I  '^0  specific  P2x‘Punnoceptor  agonists 
0. 


taenia  coli*‘)  and  /3,y-mcthyIene*ATP  (which,  although  less  potent  than  ATP  in 
taenia  coli  Piv^purinoceptors,  nonetheless  has  the  same  efficacy'^),  l-AMP>PCP  is 
utterly  without  agonist  (or  antagonist)  activity,  except  at  the  Pjx  subtype."**’  This 
absolute  selectivity  of  l-AMP*PCP  for  the  Pjx*purinoceptor  is  shared  by  the  2*sub- 
stituted  analogues,  2-chloro-L-AMP*PCP  and  2*methyithio*L*AMP‘PCP,  and  the 
dihalomethylene  versions,  /J.y'difiuoromethylcne-L-ATP  (l*AMP*PCFjP)  and  /S.y- 
dichloromethylene-L-ATP  (l-AMP-PCC1jP).^*  Each  of  the  dichloro  analogues,  p,y- 
dichloromcthylenc*ATP,  2*methylihio*/3,'y*dichloromethylene*ATP,  and  l»AMP- 
PCCljP,  are  less  efficac'ous  than  /3,y*inethylene*ATP  itself,  with  intnnsic  activities 
of  approximately  0.65,  »::d  these  pa^ial  agonists  could  give  a  lead  to  the  design  of 
competiti*/e  antagonists  at  the  P^x  subtype."  Indeed,  in  a  detailed  study  of  the  ciTects 
of  ATP  analogues  on  mammalian  isolated  sensory  neurons,  /?,y>dichloromethyIene> 
ATP  is  reported  to  antagonize  ATP-induced  inward  currents " 


P,v-PURINOCEPTORS 


Extracellular  ATP.  acting  at  inhibitory  P^ypurinoceptors,  induces  relaxation  of 
viscera]  smooth  muscle  such  as  the  taenia  coli,  and  vascular  smooth  muscle  such  as 
the  aorta  by  an  endothelial  cell^dependent  process  Most  studies  of  structure^activity 
relationships  at  the  P]Y*purinoceptor  have  been  earned  out  on  the  guinea  pig  taenia 
colt  (Fig.  4),  and  because  the  same  specie  supplied  the  urinary  bladder,  this  facilitates 
comparison^  between  the  most  controversial  divisions,  the  Pjx  and  P2Y  subtypes.*  All 
of  the  naturally  occumng  5'*tnphosphates  as  well  as  ADP  are  approximately  as  potent 
as  ATP,  but  CDP,  GDP,  UDP,  and  AMP  are  less  than  one-tenth  as  potent  as  ATP 
at  inducing  relaxation  of  the  taenia  coli.  The  eflects  of  substituents  on  the  adenine 
nng  vary  as  to  the  point  of  substitution,  N**phcnyl-ATP  being  inactive,  8*bromo- 
ATP  having  the  same  potency  as  ATP,  but  C'2>$ubstituted  analogues  such  as  2*azido« 
ATP,  2-chIoro*ATP,  2-methylthio*ATP  having  considerably  enhanced  potencies,  being 
22*fold,  35«fold,  and  l95*fold  more  potent,  respectively,  than  ATP.**'*^"  This  increase 
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FIGURE  4.  Structure-activity  relation* 
ships  for  P^Y'Punnoceptor  agonists  hav¬ 
ing  potency  greater  than  ATP  at  relaxing 
the  guinea  pig  taenia  coh. 
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in  potency  following  2*substitution  is  similar  to  the  behavior  of  Pjrpurinoceptor 
agonists,  but  dissimilar  to  and  Pjx  agonists  where  no  such  increases  arc  seen.  Only 
poor  stcreoselectiMty  is  exhibited  toward  the  ribosc  enantionmers,  so  that  ATP  is  3- 
to  6-fold  more  potent  than  L-ATP.*  However,  C-2  substitution  enhances  this  ste¬ 
reoselectivity  considerably  because  of  the  lack  of  effect  of  such  substitution  on  the  L- 
enantiomers  compared  to  the  increased  potency  of  the  natural  enantiomers.  The 
photoaffinity  analogue  2-a2ido-ATP  is  124-fold  more  potent  than  2-azido-L-ATP,*  2- 
chloro-ATP  is  35-fold  more  potent  than  2-chloro-L-ATP,  and  2-methyIthio-ATP  is 
724-fold  more  potent  than  2-methylthio-L-ATP.'®  Unlike  the  Pjr  and  Pjz  subtypes, 
absolute  stereoselectiNity  is  not  displayed  toward  any  of  these  pairs  because  the  L- 
enantiomers  are  still  as  fully  efficacious  as  ATP.  Some  stereoselectivity  is  also  displayed 
toward  the  phosphorothioate  analogue  ATP-a-S,  where  the  Rp  diastcreoisomcr  is 
approximately  7-fold  more  potent  than  the  Sp  diastereoisomer,  and  the  Rp  and  Sp 
diastereoisomers  are  50-fold  and  9-foid  more  fxitent,  respectively,  than  ATP  at  inducing 
relaxation  of  the  taenia  coliV^  ATP-^-S  is  only  a  little  more  potent  than  ATP,  and 
no  stereoselectivity  is  displayed  toward  its  Rp  and  Sp  diastereoisomers.'^  The  potency 
of  the  methylenephosphonate  analogues  depends  on  where  the  methylene  linkage  has 
been  placed,  so  that  homo-ATP  is  70-fold  more  potent  than  ATP,  a,/5-methylcne- 
ATP  is  approximately  equipotent  with  ATP,  and  /S.y-mcthylene-ATP  has  about  one- 


FIGURE  5.  Struciure-activiiy  relationships 
for  resistance  to  dephosphorylation  by  tissue 
ectonucleotidases  of  ATP  analogues 
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tenth  the  potency  of  ATP,  with  all  of  these  analogues  having  the  same  or  even  a 
greater  efficacy  than  ATP  at  inducing  relaxation  of  the  taenia  coli.'**^  The  potency 
of  j8,y-methylene-ATP  is  slightly  improved  if  the  electropositive  methylene  group  is 
replaced  by  dihalomethylene,  and  reflects  the  order  of  electronegativity,  so  thai  p,y- 
dichloromethylcne-ATP  and  ^.y-diffuoromcthylene-ATP  are  1.4'fold  and  2.6-foid 
more  potent,  respectively.*'  The  effect  on  C-2-substituled  analogues  is  much  greater, 
and  2-mcthylthio-i3,‘y-dichloromethylene-ATP  and  2-methylthio-/3,y-difluoromethy- 
Icne-ATP  are  6-fold  and  67-fold  as  potent,  respectively,  as  2-methyllhio-/3,y-meth- 
yIene-ATP,  and  indeed  the  difluoromethylene  analogue  is  about  twice  as  potent  as 
ATP  itself.*'  This  behavior  is  in  contrast  to  that  at  -punnoceptors,  where  the 
dihalomethylene  analogues  are  no  more  potent  than  methylene  and,  in  the  case  of  the 
dichloromethylene  analogues,  are  less  potent  and  less  efficacious  *'  The  imido  analogue, 
/3,y  imido-ATP,  has  less  than  one-tenth  the  potency  of  ATP,  but  is  considerably  more 
potent  than  ATP  at  Pix-punnoceptors  *  These  differences  in  potencies  between  the 
P,Y  and  Pjx  responses  are  real  as,  unlike  ATP  and  2-methyUhio-ATP,  these  /3,y- 
methylene  analogues  are  not  dephosphorylated  by  tissue  ectonucleotidases  (Fig 
5)  ’  *^*'  No  competitive  antagonists  at  the  PjY’Purmoccptor  are  known,  and  an  earlier 
claim*’  that  reactive  blue  2  is  a  selective  antagonist  for  the  Pjy  subtype  has  been 
discounted.”  Adenosine  5'-(2-fluorodiphosphate)  (ADP-/3-F)  (Fig  6)  has  been  found 
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FIGURE  6.  ADP*)S*F,  a  specific  Pjypurinocqitor 
agonist. 


to  be  a  specific  agonist  at  the  subtype,  having  no  agonist  or  antagonist  activity  at 
PjTi  Pjz*  or  Pix  receptors.^*  ADP-/3-F,  although  less  potent  than  ATP,  induces  Pjy 
m^iated  relaxation  of  the  taenia  coli  and  aorta,  but  not  Pj^^mediated  contraction  of 
the  unnary  bladder  or  vas  deferens/'  ADP>^*F  is  not  an  ideal  Pjy-punnoceptor  agonist 
because  the  terminal  fluorophosphate,  despite  conferring  some  resistance  to  ectonu« 
cleotidase  activity,  is  not  immune  to  dephosphorylation  with  the  eventual  formation 
of  adenosine,  although  so  far  that  has  been  shown  not  to  be  a  problem." 


P„.PUR1N0CEPT0RS 


Extracellular  ADP,  acting  at  P)T*punnoceptor$,  activates  human  blood  platelets 
(with  an  associated  release  into  the  cytosol  of  calcium  from  intracellular  sequestrations, 
as  well  as  an  influx  of  extracellular  calaum)  and  a  potent  inhibition  of  stimulated 
adenylate  cyclase.*  ATP  and  AMP  arc  not  agonists  at  the  P,t  subtype,  but  instead 
are  competitive  antagonists  of  the  action  of  ADP,"  "  an  arrangement  that  seems  to 
be  unique  to  the  platelet  Pjr-purinoceptor.*  The  existence  of  competitive  antagonists 
means  that,  unlike  the  situation  with  P2Z»  PlX»  and  p2Y  subtypes,  it  is  possible  to 
perform  classical  pharmacology  on  the  Pjrpunnoceptor  with  a  variety  of  adenine 
nucleotide  analogues  that  are  agonists,  partial  agonists,  and  antagonists.’"  ’^'^" 

Of  the  naturally  occurring  diphosphates,  only  ADP  (Fic.  7)  is  active  as  an  agonist, 
CDP,  UDP,  and  GDP  being  inactive  or  giving  slight  antagonist  activity.  Small  sub* 
stituents  on  the  N*  position  reduce,  and  larger  ones  abolish,  agonist  potency,  and 
substituents  on  the  0*8  position,  as  in  8*bromo*ADP,  also  abolish  agonist  potency.' 
A  variety  of  substituents,  however,  may  be  placed  at  the  C*2  position  so  as  to  enhance 
potencies.'  2-Azido-ADP,  a  photoaflinity  analogue  of  ADP,  is  5*fold,’  "  and  2*chloro- 
ADP  and  2*methylthiO'ADP  are  10*fold  more  potent  than  ADP  at  inducing  human 
platelet  aggregation.*’"  The  C'2*$ub$tituted  analogues  were  even  more  potent  than 
ADP  at  inhibiting  stimulated  adenylate  cyclase,"  and  these  differences  in  potencies 
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FIGURE  7.  Structure-activity  relationships  for 
Pzrpunnoceptor  agonists  having  the  property 
of  inducing  platelet  aggregation 
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could  be  accounted  for  by  these  2-substituted  analogues  having  actions  in  addition  to 
one  at  a  single  Pjj-punnoceptor.  All  of  the  C*2  analogues,  however,  were  competitively 
inhibited  by  ATP,  with  apparent  dissociation  constants  the  sam^  as  that  obtained  for 
inhibition  by  ATP  of  these  actions  of  ADP  itself.”  Their  differences  in  agonist  potencies 
are  therefore  due  to  differences  in  efficacies  at  one  Pjrpurinoceptor  rather  than  ad¬ 
ditional  actions  elsewhere  or  at  another  class  of  Pjrpunnoceptor.  Very  large  substit¬ 
uents  can  be  placed  at  the  C-2  position  with  little  or  no  loss  of  potency,  suggesting 
that  this  region  of  the  ADP  molecule  is  orientated  away  from  the  receptor.  The  P^t- 
purinoceptor  shows  absolute  stereoselectivity  toward  the  nbose  enantiomers,  and  L- 
ADP  and  its  C‘2‘Substituted  analogues  2-a2ido-L*ADP  and  2-chloro-L-ADP  are  com¬ 
pletely  inactive  as  agonists  or  as  antagonists*  The  phosphorothioate  analogues  of 
ADP,  ADP-a-S  and  ADP-/3-S,  are  both  partial  agonists  with  the  same  efficacy  as 
aggregating  agents,  having  intrinsic  activities  relative  to  ADP  of  0  75,  and  exhibiting 
a  5-fold  stereoselectivity  toward  the  Sp  diastereoisomer  of  ADP-a-S.***”  ADP-)3-S 
also  inhibits  stimulated  adenylate  cyclase,  still  as  a  partial  agonist,  but  ADP-a-S  does 
not,  and  instead  antagonizes  competitively  ADP-induced  inhibition  of  adenylate  cy¬ 
clase,  and  again  5-foId  stereoselectivity  for  the  Sp  diastereoisomer  is  exhibited.***** 
None  of  the  methylenephosphonate  analogues  of  ADP  are  agonists,  homo-ADP  having 
virtually  no  activity,  whereas  a,/}-methylene-ADP  is  a  very  weak  antagonist  both  of 
ADP-induced  platelet  aggregation  and  of  inhibition  by  ADP  of  stimulated  adenylate 
cyclase  **  The  dihalomethylene  versions  are  mere  potent,  both  as  antagonists  of  ag¬ 
gregation  and  as  antagonists  of  the  effect  of  ADP  on  adenylate  cyclase,  but  a,)S- 
difluoromethylene-ADP  is  not  more  potent  than  a/J-dichU  romethylene-ADP.  The 
imido  analogue,  a,/3-imido-ADP,  is  an  agonist  but  has  only  one-hundredth  the  potency 
of  ADP.” 

A  variety  of  analogues  of  AMP  and  of  ATP  are  antagonists  at  the  Pj^punnoceptor, 
and  structure-activity  relationships  show  that  in  addition  to  a  5'-mono-  or  poly¬ 
phosphate  chain,  the  ribose  sugar  and  adenme  base  are  required.**  ATP,  2-chIoro- 
ATP,  2-chloroadenosine  5'-nionophosphoroihioate,  )3,y-mcthylene-ATP,  the  diaster- 
eoisomers  of  ATP-a-S,  P,P,-diadenosine  pentaphosphate,  and  y-fluoro-ATP  have  all 
been  shown  by  Schild  analysis  to  be  competitive  inhibitors  of  the  actions  of  ADP.’* 
A  comparison  of  their  apparent  dissociation  constant  for  antagonism  of  ATP-induced 
aggregation  with  those  (or  antagonism  of  ADP-induced  inhibition  of  adenylate  cyclase 
confirms  that  one  P^rpurinoceptor  mediates  both  actions  of  ADP,  2-chloro-ADP,  2- 
azido-ADP,  and  2-methylthio-ADP."  *’  2-Alkylthio-anaIogues  of  AMP  and  of  ATP 
are  specific  but  noncompetitive  antagonists  of  the  actions  of  ADP  at  P,x-punnoccp- 
tors.’****  Radioligand  binding  studies  of  intact  human  platelets  using  /?-[**P)-2-meth- 
ylthio-ADP  detects  one  population  of  binding  sites  with  an  affinity  constant  of  5  to 
20  nM,  and  400  to  1200  sites  per  platelet.** 


SUMMARY 


Studies  using  analogues  of  ATP  have  allowed  a  companson  of  structure-activity 
relationships  that  has  provided  ample  evidence  for  the  existence  of  at  least  four  subty  pes 
of  Pj-purinoceptors  responsive  to  adenme  nucleotides  (Table  1 ).  Competitive  antag¬ 
onists  have  dehned  clearly  the  P^r  subtype,  specific  agonists  are  now  available  for  the 
Pjx  and  P2Y  subtypes,  and  leads  have  bwn  given  for  development  of  reversible  specific 
antagonists  for  the  P^x  and  Pjz  subtypes.  The  availability  especially  of  inhibitors  of 


CUSACK  &  HOURANI;  SUBTYPES  OF  P,-PURINOCEPTORS 


179 


180 


ANNALS  NEW  YORK  ACADEMY  OF  SaENCES 


ectonucleotidases  and  of  specific  antagonists  for  each  P2-purinoceptor  subtype  would 
enable  the  roles  of  endogenous  extracellular  nucleotides  to  be  ascertained,  as  has 
already  been  shown  for  the  interaction  of  platelets  with  the  vasculature’*^ 
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INTRODUCTION 


An  understanding  'he  antagonist  compounds  that  block  the  actions  of  ATP’"* 
are  required  for  the  elucidation  of  the  physiologic  roles  and  mechanisms  of  responses 
of  cells  to  extracellular  ATP,  and  for  the  classification  of  P,>punnoceptor  subtypes. 
We  will  summanze  characteristics  of  agents  that  block  Pj'purinoceptor'mediated 
responses.  Included  in  this  topic  are  agents  thought  to  exert  their  inhibitory  effects 
at  the  purinoceptors,  as  well  as  others  that  interfere  with  transduction  via  mechanisms 
that  are  as  yet  but  poorly  understood. 

It  has  b^n  with  difficulty  that  Pj’punnoceptor  antagonists  have  become  available. 
Equilibrium  competitive  antagonists  that  act  specifically  and  reversibly  at  the  receptor, 
and  that  are  devoid  of  agonist  or  nonspecific  activity,  have  not  been  described  for 
cither  P,x-  or  P,v‘purinoceptors,  Conventional  approaches  to  antagonist  design,  which 
rely  upon  chemical  substitutions  to  decrease  agonist  efficacy  and  retain  affinity,  have 
not  b^n  realized  in  this  area. 

Agents  that  have  been  studied  for  their  Pj-punnoceptor  antagonist  activities  are 
listed  in  Table  1.  For  the  purpose  of  discussion,  they  arc  divided  into  two  operational 
groups.  The  first  group  consists  of  agents  that  structurally  resemble  ATP,  and  are 
thus  able  to  induce  responses  prior  to  the  antagonistic  effect  The  second  group  is 
diverse  and  consists  of  agents  that  bear  no  obvious  stnictural  or  mechanistic  rela¬ 
tionship  to  each  other  or  to  ATP.  We  will  dwell  on  investigations  involving  the  use 
of  Pj-purinoceptor  antagonists  in  the  autonomic  nervous  system  and  in  smooth  muscle 
systems— after  all,  it  was  in  an  attempt  to  define  transmitter  roles  for  ATP  that  led 
to  the  usage  of  many  of  these  compounds.  The  application  of  these  compounds  in 
transmitter  identification  is  discussed  elsewhere  in  this  volume. 


‘'This  paper  was  supported,  m  part,  by  Grant  PTR  5  T32  GM07039-13  from  the  National 
Institutes  of  Health 
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AGENTS  WITH  INITIAL  AGONIST  ACTIVITY 

Aryiazido  Aminopropionyl  ATP  (ANAPP,) 


Arylazido  aminopropionyl  ATP,  or  ANAPP,  (3'-0*(3[iV*(‘*-azido-2*mtro- 
phenyl)amino]prop»3nyIjadenosme  5'-tnphosphate),  is  a  photoaffinP.y  label  that  was 
first  described  with  respect  to  its  covalent  insertion,  after  photolysis,  at  or  near  the 
ATP’bmding  sites  in  myosin  and  mitochondna!  ATPases’^  Because  such  a  process 
occurring  at  Pj^punnoceptors  in  intact  tissues  could  result  in  an  antagonism  of  ATP- 
induced  responses,  experiments  with  ANAPP^  were  performed  using  vas  deferens 
isolated  from  guinea  pig/  Being  an  analogue  of  ATP,  ANAPP,  elicits  upon  first 
addition  an  ATP-like,  transient  contraction  Photolysis  of  ANAPP,  in  the  presence 
of  the  tissue  resulted,  after  washout  of  the  agent,  in  an  irreversible  antagonism  of 
ATP-induced  contractile  responses  (Fig.  I)  The  antagonism  was  inhibited  if  ATP 
was  present  during  photolysis,  and  it  was  specific  in  that  responses  to  norepinephrine 


TABLE  1.  P,-Punnoceptor  Antagonists 


Agents  with  initial  agonist  activity 
Arylazido  aminopropionyl  ATP  (ANAPP,) 

ATP  Of  a./3.m<thylene  ATP  (APCPP) 
ATP-2',3'*dialdehyde  (penodate-oxidized  ATP,  P-ATP) 

Agents  without  agonist  activity 
Isatogens 
Apamin 
Reactive  blue  2 

p-Chloromercunbenzcne  sulfonic  acid  (PCMBS) 
4,4‘*Diisothiocyano-2.2''disuIfomc  acid  stilbenc  (DIDS) 
J'«p*FluorosulfonyIbenzoyl  adenosuie  (FSBA) 


and  were  not  affected.  The  antagonism  by  ANAPP,  is  knov  n  to  occur  at  a  cell 
surface  site  because  contractions  to  agarosc-ATP  (ATP  linked  to  solid  agarose  beads) 
were  also  inhibited.'  In  Pu’Purinoccptor  systems,  ANAPP,  is  noteworthy  in  its  spec¬ 
ificity.  For  example,  in  guinea  pig  unnary  bladder*  ANAPP,  treatment  inhibited 
contractile  responses  to  ATP  but  not  to  acetylcholine  and  K*  (Fig.  2). 

The  effects  of  ANAPP,  have  not  been  studied  extensively  m  preparations  in  which 
ATP  elicits  inhibitory  responses  Relaxation  responses  of  taenia  coli  to  ATP  were 
antagonized  6-fold  by  ANAPP,,  responses  to  ADP,  AMP,  and  ac  cnosine  were  blocked 
to  lesser  degrees,  that  is,  2  4-,  3.8-,  and  2.4-fold,  respectively.’®  Ttic  effect  on  adenosine 
responses  could  reflect  an  interaction  of  ANAPP,  with  adenosine  receptors,  or  an 
interaction  of  aden(»me  with  P^v-purinoceptors.  The  latter  case  is  more  likely  (see 
reference  10  for  a  discussion)  In  the  annococcygeus,  extensive  (xinversion  of  ATP  to 
adenosine  appears  to  explain  the  meffectivencss  of  ANAPP,  as  an  ATP  antagonist  in 
this  preparation"  ’’;  in  ileum,  it  has  been  suggested  that  conversion  of  ANAPP,  to 
an  adenosine  congener  renders  it  an  adenosine  receptor  ago  list  devoid  of  P2>pun- 
noceptor  antagonist  activity."  It  has  been  tempting  to  refer  to  ANAPP,  as  a  P,x- 
punnoceptor  antagonist.^~*  Although  a  benefit  would  be  derived  from  unequivocal 
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FIGURE  1.  Effect  of  ANAPP,  following  photolysis  ( +hv,  15  mm)  m  the  presence  of  the  guinea 
pig  isolated  vas  deferens  on  contractile  responses  to  ATP  The  protocols  for  this  expenment 
have  been  described  ‘  The  numbers  below  the  individual  responses  are  the  negative  log 
molar  ATP  concentrations  Horizontal  bar  30  sec;  vertical  bar.  2  g  Modified  fr)m  Fedan  and 
Lamport*’*  with  permission 


Pjx'purinoccptor  selectivity,  the  effects  of  ANAPP,  on  P,ypurinoceptor  responses 
have  not  been  studied  sufficiently  to  establish  whether  such  selectivity  exists 

The  antagonistic  effect  of  ANAPP,  following  photolysis  results  from  true,  as 
opposed  to  pseudo-,  photoaffinity  labeling.'^’’  An  analogue  of  ANAPP,,  ANABP,, 
containing  a  larger,  ammobutyryl  “spacer”  between  nbose  and  the  photoprobe,  yielded 
a  greater  antagonistic  effect  than  ANAPP,.** 

An  advantage  of  nonequihbnum  competitive  antagonists,  such  as  ANAPP,,  over 
competitive  antagonists  is  that  the  covalent  bond  formed  affords  an  opportunity  to 
biochemically  charactenze  the  insertion  site.  We  examined  the  incorporation  of  *H 
after  intact  vasa  deferentia  were  treated  with  [’HJANAPP,  (while  monitonng  func- 


HGURE  2.  Effect  of  ANAPP,  treat- 
ment  on  acetylchoLne,  ATP,  and 
concentration-response  curves  of  uri¬ 
nary  bladder  isolated  from  guinea  pig. 
Open  circles'  irradiated  control  prep¬ 
arations,  filled  circles  ANAPP, - 
treated  preparations  Reproduced 
from  Westfall  et  al*  with  penmssion. 
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tional  responses),  homogenized,  and  processed  for  SDS-PAGE  (Fig.  3)‘’  Incorpo¬ 
ration  of  [^HjANAPPj  was  observed  into  two  regions,  of  molecular  weights  43-57 
and  54-66  kD,  and  was  inhibited  by  ATP  present  dunng  photolysis  and  by  pnor 
treatment  with  nonradiolabeled  ANAPPj.  The  nucleoside  transport  inhibitor  dipyri¬ 
damole  had  no  effiKt  In  fractionation  studies,  the  incorporation  of  was  associated 
with  a  crude  membrane  fraction  and  not  cell  cytosol.  These  findings  provided  additional 
evidence  for  a  cell  surface  localization  of  the  P^-punnoceptor.* 
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FIGURE  3.  Distnbudon  of  in  samples  of  homogenates  after  photolysis  of  intact  vas,t  de- 
ferentia  in  the  presence  of  (’HJANAPP,  (10"’  M)  Shown  is  the  incorporaiion  of  ’H  after 
SDS'PACE  The  topmost  panels  indicate  the  locations  of  the  protein  standards  Left  half  of 
figure  paired  vasa  deferentia  vere  incubated  with  (’H]ANAPP)  and  irradiated  (+hv)  in  the 
absence  (middle  panel)  or  presence  (bottom  panel)  of  10"*  M  ATP  (“protection  expenmeni") 
Right  half  of  figure  paire<l  vasa  deferentia  were  incubated  in  the  ab^nce  (middle  panel)  or 
presence  (bottom  panel)  of  ATP  but  were  not  irradiated.  Arrows  point  to  interpolated  molecular 
weights  Reproduced  from  Fedan  ft  aL  **  with  permission 


ANAPPj  has  allowed  probing  of  the  complex  interaction  of  ATP  with  the  vas 
deferens.^*^  In  this  smooth  muscle,  the  ATP  concentration-response  curve  is  biphasic 
(Fig.  1).  Responses  to  ATP  in  intermediate  to  high  concentrations  (3  X  10~’  to 
10"*  M)  are  also  biphasic.  After  ANAPP,  treatment,  the  curve  becomes  monophasic. 
The  antagonism  by  ANAPP,  shown  in  the  curves  is  an  expression  of  inhibition  of 
the  first  phase  of  contraction.  Because  the  second  phase  is  relatively  resistant  to 
ANAPP,,  the  peak  force  developed  is  not  appreciably  affected 
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<x,p-Meihylene  ATP  (APCPP) 


If  ATP  is  allowed  to  remain  in  contact  with  smooth  muscle,  the  contractile  response 
to  added  ATP  is  diminished  This  effect,  referred  to  as  desensitization  or  auto¬ 
inhibition,  is  reversible  upon  removal  of  the  nucleotide.  The  extent  of  desensitization 
depends  upon  the  nucleotide  concentiation,^*^*^^  and  is  produced  by  a  large  number 
of  punne  nucleotides.^'  Desensitization  may  occur  upon  repeated  challenge  with  nu¬ 
cleotide,  and  the  decline  in  responsiveness  is  related  Inversely  to  the  interval  between 
challenges.  The  biochemical  mechanism  of  desensitization  is  poorly  understood.  The 
phenomenon  has  been  observed  in  whole-cell  voltage  clamp  experiments  on  ATP- 
activated  conductance  changes  in  frog  atrium  and  rat  vas  deferens.^^^^  Recovery  of 
channel  conductance  after  desensitization  with  ATP  follows  a  time  course  with  a  half- 
life  of  about  2  min.'* 

The  slowly  degradable  S'-anhydride-sub$tituted  ATP  analogue,  APCPP,  was 
introduced  as  a  desensitizing  agent  to  circumvent  the  problem  of  ATP  metabolism 
by  ectoenzymes  to  adenosine  and  the  activation  of  adenosine  receptors  Although  the 
conductance  changes  it  evokes  in  vas  deferens  differ  from  those  evoked  by  ATP,'* 
APCPP,  nevertheless,  produces  a  more  profound  and  longer  lasting  desensitization 
than  ATP  As  such,  APCPP  has  found  wide  usage  as  an  approach  for  the  subdivision 
of  Pi-punnoceptors  into  the  P^t  and  P^y  classes.  Desensitization  occurs  in  association 
with  the  p«  -punnoccptor-mediatcd  excitatory  effects  of  adenine  nucleotides,  such  as 
contraction  of  smooth  muscle.*  ***' 

Desensitization  by  APCPP  is  generally  specific  for  P,x*purinoceptor»medidtcd  re¬ 
sponses;  that  is,  responses  to  agents  acting  via  other  receptors  are  usually  unaf¬ 
fected,**'”  In  immature  rat  basilar  artery,  however,  desensitization  with  APCPP 
inhibited  depolarizations  to  norepinephrine  as  well  as  ATP.**  APCPP  inhibited  re¬ 
sponses  of  taenia  coli  to  epinephnne  (acting  via  a, -adrenoceptors)  **  These  findings 
indicate  that  APCPP  may  cause  nonspecific  inhibitory  effects,  perhaps  by  affecting 
transduction  mechanisms  shared  by  purinoceptors  and  adrenoceptors**** 


AMPPj  versus  APCPP 


The  mechanism  of  inhibition  of  ATP-induced  responses  following  treatment  with 
ANAPPj  could  involve  the  covalent  insertion  of  ANAPP,  into  the  P,-purinoccptor 
per  se,  or  occlusion  of  (he  receptor  resulting  from  insertion  distant  to  the  recognition 
site  Nonphotolyzed  ANAPP,  shares  with  ATP  and  other  adenine  nucleotides  the 
ability  to  desensitize  the  P,-purinoceptor  specifically  *  It  is  thus  alternatively  possible 
that  the  covalent  insertion  of  ANAPP,  at  the  receptor  induces  a  prolong^  agonist 
desensitization  signal.  The  consequences  of  either  mechanism  would  be  functionally 
identical.  This  could  explain  the  reported  simihntles  in  the  antagonistic  effects  of 
ANAPP,  and  APCPP.*"'*  That  is,  ANAPP,  and  APCPP  might  desensitize  cells  by 
similar  mechanisms,  but  the  desensitization  by  ANAPP,  is  rendered  irreversible  by 
photoaflUmty  labeling  of  the  receptor.  The  expenments  done  with  (*HJ ANAPP,  (Fig. 
3)  do  not  allow  a  finer  distinction  to  be  made  between  these  possibilities 
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ATP-2\3'-Dialdehyde  (Penodate-Oxidized  ATP;  P-ATP) 


The  high  degree  of  pharmacological  specificity  exhibited  by  ANAPP,,  coupled 
with  the  biochemical  advantages  of  labeling  receptors  covalently,  has  focused  our 
attention  on  sitC'directed  affinity  labeling  as  an  approach  to  the  development  of  Pj* 
purinoceptor  antagonists.  Our  motivation  to  follow  this  approach  is  to  eventually  find 
a  replacement  for  ANAPPj,  the  photolysis  required  for  covalent  insertion  being  in¬ 
convenient  in  organ  bath  studies  The  desire  to  avoid  photolysis  has  also  led  us  to 
avoid  other  available  ATP  photoaffinity  labels.  One  critenon  that  has  guided  the 
selection  of  agents  for  study  is  that  the  Pj-purinoceptor,  in  contrast  to  adenosine 
receptors,  is  not  tolerant  of  iV^-substitutions.**"^  Because  iV‘*substituted  analogues 
have  weak  activities  as  agonists,  it  is  unlikely  that  they  would  bind  to  the  receptor 
tightly  enough  to  favor  covalent  interactions.  In  contrast,  nbose  substitutions,  as  in 
the  case  of  ANAPP,  and  ANABP,  and  other  2'-  and  3'-deoxy  ATP  analogues,  are 
well  tolcrated.'*'*^^  These  considerations  led  us  to  investigate  P-ATP  as  an  ATP 
antagonist.*^^’* 


HGURE  4.  Effect  of  P-ATP  ( 10"*  M,  5-min  incubation) 
on  contractions  of  paired  guinea  pig  >  asa  deferentia  to  ATP 
(10**  M,  dots)  following  incubation  in  the  absence  (top 
row)  or  presence  (bottom  row)  of  ATP  (10**  M;  "pro¬ 
tection  expenmcnt").  The  left  column  of  responses  arc  the 
controls  Modified  from  Fcdan  and  Lamport”*  with  per¬ 
mission. 


The  ATP  affinity  label  P-ATP,  which  was  introduced  by  Lowe  and  Becchey  ” 
binds  covalently  and  irreversibly  to  inhibit  mitochondrial  ATPase  in  a  time-  and 
concentration-dependent  manner.  In  va$  deferens  i^Iated  from  guinea  pig,  incubation 
of  the  preparations  with  10”*  M  P-ATP  for  5  mm,  followed  by  washout,  resulted  in 
a  selective  inhibition  of  the  second  phase  of  contractile  responses  to  ATP,  this  is 
opposite  to  the  effect  of  ANAPP,  treatment  (Fig.  4)  This  treatment  protocol  had 
no  effect  on  norepinephrine,  acetylcholine,  histamine,  and  concentration-response 
curves;  that  is,  the  effect  was  specific  for  ATP-»nduc«J  responses  Longer  incubation 
periods  (10  and  15  min)  led  to  potentiation  of  norepineplmne  and  acetylcholine 
responses,  and  to  inhibition  to  a  ''saturation  point”  of  the  first  phase  of  the  ATP 
responses  The  inhibitory  effect  of  P-ATP  on  the  second  phase  of  ATP-induced 
responses  was  lessened  after  treatment  was  conducted  m  the  presence  of  ATP  in  a 
“protection  expenment”  (Fio  4)  These  results  indicated  that  the  inhibitory  effect 
of  P-ATP  resulted  from  aflimty  labeling. 

ANAPP,  and  P-ATP  act  at  separate  and  independent  sites  to  produce  their  diffenng 
antagonistic  effects  (Fig  5)  ANAPP,  alone  resulted  in  selective  inhibition  of  the  first 
phase  of  response.  Subsequent  P-ATP  treatment  then  inhibited  the  second  phase 
When  used  m  reverse  order,  the  second  phase  was  inhibited  first  by  P-ATP,  followed 
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FIGURE  5.  Effect  of  ANAPP,  and  P<ATP  treatments  alone  and  m  combination  on  contractions 
of  vas  deferens  (isolated  from  guinea  pig)  to  ATP  (10'^  M,  dou).  Top  row,  preparations  treated 
first  with  ANAPP,,  then  with  P-ATP;  bottom  row  cider  of  treatments  reversed  Modified  from 
Fedan  and  Lamport”*  with  permission 


by  inhibition  of  the  second  phase  by  ANAPP,,  The  residual  responses  were  equivalent, 
regardless  of  the  order  of  treatment.  Thus,  the  phase-selective  effects  of  these  two 
agents  indicate  that  at  least  two  distinct  and  dissociable  mechanisms  mediate  con¬ 
tractions  of  the  vas  deferens  to  ATP. 

We  have  hypothesized*^”  that  the  first  phase  of  contraction  involves  a  conven¬ 
tional,  reversible  interaction  between  ATP  and  ANAPP, -sensitive  Pj-purinoceptors, 
and  have  suggested  that  the  presence  of  two  Pjx'purinoceptor  subtypes  may  explain 
the  btphasic  ATP  concentration-response  curve.  We  have  suggested  further  that  the 
second  contractile  phase  is  initiated  by  the  enzymatic  cleavage  of  the  )?,7-anhydnde 
oxygen  bond  by  a  cell  surface  hvdrolytic  or  phosphoryl  transfer  (for  example,  kinase) 
enzyme.  These  hypotheses  were  based  on  the  following  observations.  1 )  ATP  analogues 
without  5'-anhydnde  oxygen  substitutions  initiate  responses  containing  a  second  phase 
of  contraction;  2)  nucleotides  with  anhydride-oxygen  substitutions  (such  as  APCPP, 
)3,‘y-methylene  ATP  (APPCP),  and  ^,7-imido  ATP  (APPNP)),  which  render  them 
poor  substrates  for  ATPases,  initiate  responses  containing  abbreviated  second  phases; 
and  3)  adenosine  5'-0-(3-thiotriphosphatc)  (ATPyS)  gives  rise  to  responses  with 
prolonged  second  phases  (Figs.  6  &  7).  Compared  to  its  effect  on  ATP-induced 
responses,  P-ATP  had  little  effect  on  the  already  abbreviated  second  phases  of  APPNP 


Soiine  P-ATP 


FIGURE  6.  Effect  of  P-ATF  treatment  on  contractions  of 
vas  deferens  (isolated  from  guinea  pig)  to  ATP,  ^,y-imido- 
ATP  (APPNP)  and  APCPP  (all  3  X  lO'*  M;  dots)  Dif¬ 
ferences  in  the  profiles  of  response  to  the  three  nucleotides 
are  shown  in  this  figure.  Modified  from  Fedan  and 
Lamport”*  with  permission 
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and  APCPP  responses,  whereas  the  ATPyS  second  phase  was  markedly  inhibited  by 
P-ATP.  We  interpret  these  results  to  indicate  that  P-ATP  inhibits  an  ectophosphor- 
yltransfer  transduction  mechaiusm.  In  support  of  this  idea  are  two  lines  of  evidence, 
obtained  with  the  intact  guinea  pig  vas  deferens.  First,  from  [  ^’SJATP-yS  and  “P 
from  (y-^PlATP  are  incorporated  into  cellular  proteins  along  a  time  course  that 
mimics  that  of  contraction  (Fig  7).  Incorporation  of  is  inhibited  in  the  presence 
of  competing  ATP,  or  following  prior  treatment  with  P-ATP.  The  relationship  of 
phosphoryltransfer-mediated  transduction  to  the  p«-  and  PjY’Classihcation  system  is 
difficult  to  reconcile  because  chemical  stability  of  the  agonist  dunng  receptor  inter¬ 
actions  is  assumed.  The  ubiquity  ofphosphoryltransfer  transduction,  that  is,  its  possible 
relation  to  Pjypurinoceptor  systems,  should  be  examined.  This  mechanism,  having 
been  reported  to  occur  m  a  neural  cell  line,  is  not  likely  to  be  unique  to  the  vas 
deferens.*’ 


Salme  P-ATP 


FIGURE  7.  EtTeci  of  P-ATP  treatment  on  contractions  of 
vas  deferens  (isolated  from  guinea  pig)  to  ATP  and  ATPy  S 
(both  3  X  10"*  M;  dots)  Differences  in  the  profiles  of 
response  to  ATP  and  ATPyS  are  shown  m  this  figure 
Minified  from  Fedan  and  Lamport’**  with  permission 


AGENTS  WITHOUT  AGONIST  ACTIVITY 


The  prototype  compound  for  structure-activity  studies  that  could  lead  to  the 
development  of  competitive  antagonists  at  Pjx-  and  Pjy-purinoceptors  has  not  been 
defined.  ATP,  or  possibly  an  unrelated,  undesenbed  compound,  may  be  used.  One 
limitation  to  Pj-punnoceptor  competitive  antagonist  design  is  that  ATP  analogues 
lacking  agonist  activity  arc,  generally,  not  antagonistic  as  well.  They  simply  have  no 
activity.  The  correlation  between  lack  of  agonist  activity  in  an  ATP  analogue  and  its 
antagonist  activity,  however,  has  not  been  vigorously  explored. 


Isatogens:  2,2'’PyriJyUsat(^en  (PIT) 


These  agents,  exemplified  by  PIT,  were  among  the  first  to  be  evaluated  for  their 
selective  punnoceptor  blocking  activity.”**’  Relaxant  responses  of  guinea  pig  taenia 
coll  to  ATP  are  antagonized  with  reasonable  specificity  by  PIT.  The  muscle,  however, 
is  relaxed  by  PIT  directly  Such  a  baseline  effect  makes  it  difficult  to  interpret  the 
antagonism  of  the  relaxant  effect  of  ATP.  A  senes  of  isatogen  compounds  were  tested 
in  an  attempt  to  eliminate  relaxant  activity  and  concomitantly  to  increase  antagonist 
activity.”  Despite  enhanced  relative  ATP  inhibitory  activity,  the  relaxant  effect  of  the 
isatogens  was  still  evident.  The  specificity  of  the  isatogen  denvatives  for  a  punnoceptor 
effect  was  not  reported. 
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Apamin 


Apamin,  a  neurotoxin  from  bee  venom,  inhibits  ATP*induced  relaxation  of  gas¬ 
trointestinal  smooth  muscle  preparations  (see  reference  45  for  review)  by  inhibiting 
Cr.'^-dependent  increases  in  conductance.  Because  transduction  by  several  receptor 
systems,  m  addition  to  Piy-purinoceptors,  is  linked  to  activation  of  Ca^-dependent 
channels,  apamin  is  relatively  nonspecific  in  its  antagonist  action^  Apamin, 
nevertheless,  is  useful  m  clarifying  tran^uction.  For  example,  the  possibility  that 
ANAPP)  could  exert  its  antagonistic  effects  by  interfering  with  Ca^-dependent 
permeability  changes  was  examined  in  the  guinea  pig  vas  deferens.**  Rather  than 
inhibition,  apamin  caused  a  nonspecifc  potentiation  of  contractions  to  ATP,  norep¬ 
inephrine,  histamine,  and  acetylcholine,  but  not  K*,  which  is  indicative  of  an  in¬ 
volvement  of  the  channel  in  responses  to  4he  receptor  agonists  After  ANAPP) 
treatment,  apamin  did  not  potentiate  the  residual  responses  to  ATP,  possibly  because 
receptor  transduction  had  been  inhibited.  Ectophosphoryltransfer  transduction  may 
not  involve  apamin-sensiiive  K*  channels. 


Reactive  Blue  2 


Introduced  for  this  purpose  by  Kerr  and  Krantis,**  the  anthraquinone  sulfonic 
acid  dye,  reactive  blue  2,  has  been  used  as  an  ATP  antagonist  in  several  prepara¬ 
tions.**’"*’  In  guinea  pig  cecum,  reactive  blue  2  inhibited  hyperpolanzation  induced 
by  APCPP,  but  not  by  norepinephrine,*’  and  inhibited  spike  formation  in  response 
to  ca.rbachol  without  affecting  depolarization  and  develop^  force,  although  the  rate 
of  force  development  was  slowed.*’  In  some  studies,  reactive  blue  2  has  been  found 
to  possess  selts'livity  for  P,y-purinoceptors.  For  example,  endothelial  cell-mediated 
relaxation  responses  of  blood  vessels  to  ATP  were  inhibited  by  reactive  blue  2,  not 
by  APCPP  or  ANAPPj,  whereas  the  direct  contractile  responses  of  the  muscles  were 
antagonized  by  ANAPP)  or  APCPP  desensitization.*””  Reactive  blue  2  did  not 
inhibit  contractile  responses  of  guinea  pig  ileum  to  ATP  or  APCPP.**  Nonspecific 
inhibitory  effects  of  reactive  blue  2,  however,  have  been  reported.  For  example,  en¬ 
dothelial-dependent  relaxations  of  coronary  artery  to  acetylcholine*'  and  adenosine- 
induced  dilation  of  coronary  vessels*^  were  inhibited  appreciably  by  reactive  blue  2. 
Commercially  available  reactive  blue  2  is  only  approximately  60%  pure,  and  it  varies 
chemically  with  the  supplier.  Its  nonspecific  effects  could  be  due  to  impunties 
Because  reactive  blue  2  is  reasonably  specific  and  effective  m  antagonizing  the 
inhibitory  effects  of  ATP,  the  view  is  being  espoused  that  reactive  blue  2  is  a  Pjy 
punnoceptor  antagonist.^"*  The  effects  of  reactive  blue  2  on  excitatory,  Pix-punno- 
ceptor-mediated  responses  ha'  e  not  been  studied  to  a  great  degree.  We  have  examined 
the  effects  of  reactive  blue  2  in  the  guinea  pig  vas  deferens  (Fic.  8).  After  a  30-min 
incubation  with  2  X  10~*  M  reactive  blue  2  (a  low  concentration**  in  companson 
with  higher  ones  that  have  been  employed*’*”*),  an  ANAPP)-likc  effect  on  the  ATP 
concentration-response  curve  was  observed  (Fic.  1).  The  greatest  shift  to  the  right 
occurred  in  low  ATP  concentrations  llie  biphasic  curve  became  monophasic,  and 
the  maximum  response  was  not  affected.  Reactive  blue  2  also  affected  reactivity  to 
norepinephnne  and  acetylcholine  The  norepinephrine  curve  acquired  a  novel  inflec¬ 
tion,  and  the  maximum  response  was  reduced  The  maximum  response  to  acetylcholine 
was  leduced  substantially.  The  response  profiles  were  altered  in  the  presence  of  reactive 
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o  C«A)rol 

•  2iit0*^  M  R62  (30  min) 


FIGURES,  Effect  of  reactive  blue  2  (RB2;  2  X  IO''*M)on  the  ATP(A^ "  4),  norepinephnne 
(NE,  N  *  2),  and  acetylcholine  (ACh;  iV  **  2)  concentration>response  curves  of  vas«  deferentia 
isolated  from  guinea  pig.  The  reactive  blue  2  remained  present  after  a  30-min  incubation  poor 
to  the  addition  of  agonist 


blue  2  (Fio.  9).  The  second  phase  of  contraction  to  ATP  was  delayed,  and  appreciable 
spontaneous  contractions  followed  the  peak,  initial  responses  to  acetylcholine  and 
norepinephrine 

It  is  uncertain  whether  these  effects  of  reactive  blue  2  reflect  the  actions  of  impurities 
or  the  nonselectivily  reactive  blue  2  has  on  several  receptors.  The  similarity  in  the 
antagonistic  effects  of  ANAPP,  and  reactive  blue  2  on  the  ATP  concentration-response 
curve  (Flos.  1  &  9),  however,  is  suggestive  of  a  'purinoceptor  interaction.  Our 
findings  would  indicate  that  reactive  blue  2  is  not  a  sel^tive  antagonist  in  the  vas 
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FIGURE  9.  Effect  of  reactive  blue  2  (RB2;  2  X  10~*  M)  on  the  responses  of  vasa  deferentui 
(isolated  from  guinea  pig)  to  ATP,  acetyldraUne  (ACh),  and  norepmephnne  (NE)  Honzontal 
^r  30  sec;  vertical  bar-  2  g 
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deferens,  and  that  it  is  not  selective,  either,  providing  its  effect  on  ATP  responses 
reflects  a  true  receptor  antagonism. 


p-Chloromercurbenzene  Sulfonic  Acid  (PCMBS) 

Wiklund  &  GustaTsson’**^’  examined  whether  PCMBS,  a  sulfhydryl  reagent,  could 
act  as  a  punnoceptor  antagonist  in  smooth  muscles  of  the  guinea  pig  Contractions 
of  ileum  to  ADP,  ATP,  and  APCPP  were  inhibited  irreversibly  and  noncompetitively, 
and  were  concentration>dependent  with  respect  to  PCMBS.  PCMBS  inhibited  nor* 
epinephrine*  and  ATP-induced  contractions  of  the  vas  deferens,*'  but  the  investigators’ 
results  were  not  shown.  In  contrast,  PCMBS  did  not  inhibit  relaxation  responses  of 
taenia  coli  to  ADP  or  ATP.  PCMBS  also  relaxed  the  taenia  coli  directly 

We  extended  these  observations  in  vas  deferens  isolated  from  the  guinea  pig  *'  Our 
observations  for  the  vas  deferens,  in  contrast  to  those  for  the  taenia  coli,*'  revealed 
no  effect  of  3  X  10'*  M  PCMBS  on  resting  force.  After  a  30*min  exposure  to  PCMBS, 
responses  to  ATP  and  norepinephrine  were  virtually  abolished,  and  responses  to 
acetylcholine  were  markedly  reduced  (Fig  10).  Contractions  in  response  to  120  mM 
K*.  which  was  added  at  the  end  of  these  experiments,  were  also  greatly  attenuated 
(not  shown)  Our  findings  are  illustrative  of  noncompetitive  antagonistic  effects  of 
PCMBS  in  the  vas  deferens. 


4'^DiisothiocyonO’2,2‘-Dtsulfonic  Acid  Stilbtnc  (BIDS) 

DIDS  is  a  homobifunctional  crosslinking  reagent  that  inhibits  anion  exchange 
McMillian  et  at.  **  examined  the  effects  of  DIDS  on  ATP*induccd  elevations  of  in* 


o  Control 

•  3x10*®  M  rCMBS  (50min) 


RGURE  10.  Effect  of  PCMBS  (3  X  10  ’  M)  on  the  ATP  (N  =  4).  norepmephnne  (NE,  S 
=  2),  and  acetylcholine  (ACb,  iV  =  2)  concentration-response  curves  of  vasa  defcrcntia  isolated 
from  guinea  pig  The  PCMBS  remained  present  after  a  30>mm  incubation  prior  to  the  addition 
of  agonist. 
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o  Control 

•  10*^  M  OIOS  (IStnn) 


HGURE  11.  Effect  of  DIDS  ( 100  ^M)  on  the  ATP  (N  »  4).  norepmephnne  (NE,  N  "  4), 
and  acetylcholine  (ACh;  N  4)  concentration-response  curves  of  vasa  deferentia  isolated  from 
guinea  pig  The  DIDS  (dissolv^  in  DMSO,  0 1%  v/v  final  concentration,  DMSO  present  in 
controls)  remained  present  after  a  lS«min  incubation  prior  to  the  addition  of  agonist. 


tracellular  in  rat  parotid  celts  These  investigators  provided  qualitative  evidence 
that  DIDS  inhibited  the  ATP*induced  nse  in  intracellular  Ca^^,  while  having  no 
effect  on  the  response  of  the  cells  to  substance  P.  Likewise,  DIDS  inhibited  ATP- 
induced  conductance  increases  in  whole-cell  patch-clamp  expenments,  but  not  those 
elicited  with  carbachol.  The  binding  of  [a-”P)ATP  to  parotid  cells  was  inhibited  by 
DIDS.  Unpublished  work  cited  by  McMillian  et  al^  indicated  that  these  effects  were 
not  mimicked  by  the  replacement  of  O'  with  the  impcrmcant  anion,  isethionate  It 
was  suggested  that  the  blockade  of  these  effects  of  ATP  provided  evidence  for  the 
involvement  of  a  punnoceptor  that  is  blocked  by  DIDS 

In  view  of  the  significance  of  these  findings,  we  examined  the  pharmacologic  profile 
of  DIDS  in  the  vas  deferens  isolated  from  the  guinea  pig  DIDS  0^  produced 
some  novel  effects  (Figs  It  &  12)  DIDS  antagonized  responses  to  ATP  in  concen¬ 
trations  of  the  nucleotide  less  or  greater  than  3  X  10~*  M,  but  had  no  effect  at  this 
specific  ATP  concentration  The  norepinephnne  and  acetylcholine  concentration-re¬ 
sponse  curves  in  the  presence  of  DIDS  were  supenmposable  upon  the  control  curves, 
up  to  a  point,  after  which  the  maximum  responses  became  reduced.  DIDS  altered 
the  profiles  of  response  to  these  agonists  Although  it  contained  oscillations,  the  second 
phase  of  the  response  to  ATP  was  maintained  at  a  reasonably  steady  level  dunng 
exposure  to  the  nucleotide.  This  is  the  first  instance  where  we  have  observed  that  the 
contraction  in  response  to  ATP  did  not  to  return  to  baseline.  Contractions  to  nor¬ 
epinephnne  became  rhythmic  aher  the  peak  force  was  generated.  The  contractions  to 
acetylcholine  did  not  fade  to  basal  force,  but  acquired  a  long-lasting  tonic  component. 
The  reasons  for  these  changes  arc  unknown.  If  they  do  not  result  from  nonspecific 
interactions  owing  to  the  chenical  reactivity  of  DIDS,  these  changes  may  result 
secondaiily  from  interference  m  anion  permeability.  Although  isethionate  substitution 
for  Cl'  increases  membrane  resistance  in  smooth  muscles,”**  the  electophysiological 
role  of  Cl'  in  smootli  muscle  of  guinea  pig  vas  deferens,  to  our  knowl^ge,  has  not 
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been  studied.  The  altered  response  profiles  could  be  expressions  of  increased  membrane 
resistance  and/or  diminished  rectification  Expenments  with  Cr  substitution  could 
allow  a  distinction  to  be  made  between  these  alternatives  Expenments  to  evaluate 
the  specificity  of  DIDS  for  P^x-  and  Piypunnoceptor-mediated  responses  are  needed 


S'-Fluorosulfonylbenzoyl  Adenosine  (FSB A) 

This  agent,  introduced  by  R.  F.  Gilman,*’""  has  been  used  to  affinity  label  via 
the  sulfonylfluonde  group  a  multitude  of  nucleottde-binding  proteins.  The  agent  can 
be  viewed  as  being  an  ATP  analogue  in  which  the  5'*poiyphosphate  chain  is  substituted 
with  the  bulky  5'*fluorosulfonylbenzoyI  moiety.  We  examin^  FSBA  for  its  ability  to 
antagonize  ATP*induced  contractions  in  vas  deferens  isolated  from  the  guinea  pig 
After  incubation  of  the  vas  deferens  for  6  min  (N  =  2)  or  10  mm  (N  =  2)  with  10'* 


Control  DIDS 


FIGURE  12.  Eflect  of  100  pM  DIDS  on  responses  of  vasa  deferentia  (isolated  from  guinea 
pig)  to  ATP,  acetylcholine  (ACh),  and  norepmephnne  (NE)  Horizontal  bar.  30  sec,  vertical 
bar.  2  g 


M  FSBA,  there  was  no  effect  on  the  contractions  in  response  to  3  x  10"*  M  ATP. 
The  lack  of  an  antagonistic  effect  suggests  that  FSBA  does  not  interact  with  the 
receptor  to  form  covalent  bonds.  The  inactivity  of  FSBA  is  in  keeping  with  the  weak 
activity  in  vas  deferens  of  ATP  analogues  with  5*-$ubstitutions  or  deletions,  other 
than  anhydride  oxygen  or  (hiophosphate  substitutions  Regardless  of  bulk,  many  such 
^'•substituted  analogues  have  less  activity  than  AMP.”'***  These  expenments  suggest, 
at  least  for  Pjx-punnoceptors,  that  affinity  or  photoaffinity  labels  with  the  probe  at 
the  S'«po$ition  will  be  devoid  of  antagonist  activity. 


CONCLUDING  REMARKS 

There  are  at  least  two  Pj'punnoceptors  that  are  recognized  as  distinct  entities 
Evidence  for  their  existence  has  been  obtained  based,  in  part,  on  the  effects  of  antag- 
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onists  that  are  inherently  unconventional  in  their  chemistry  (being  distant  from  the 
endogenous  agonist,  ATP)  or  in  their  application. 

Many  aspects  of  the  mechanisms  of  cellular  responses  to  ATP  remain  obscure 
Furthermore,  we  remain  ignorant  of  the  roechamsms  of  desensitization,  as  well  as  of 
the  exact  species  of  ATP  in  divalent  cation-containing  solutions  that  activates  both 
types  of  receptors  We  do  not  know  why  ATP  cannot  be  rendered  an  antagonist  with 
simple  chemical  substitutions,  and  we  do  not  know  why  the  responses  of  some  cells 
to  ATP  appear  to  involve  the  breakdown  of  the  agonist.  In  the  face  of  all  this 
uncertainty,  the  development  of  ideal  Pj-punnoceptor  antagonists  will  be  an  ambitious 
undertaking  in  receptor  pharmacology.  Without  such  agents  it  will  be  very  difficult 
to  define  the  important  in  vivo  roles  of  extracellular  ATP  in  health,  and  to  understand 
and  apply  nucleotide  agonist  or  antagonist  therapy  m  disease  The  differences  between 
receptor  and  physiological  antagonists  should  always  be  recognized. 
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DISCUSSION  OF  THE  PAPER 


S.  E.  O’Connor  (Fisons  pic,  Loughborough,  Leicestershire,  England)'  I  was  in¬ 
terested  in  your  ability  to  separate  out  the  first  and  second  phases  of  the  response  of 
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the  vas  deferens  to  ATP  using  ANAPP,  and  P-ATP,  respectively.  If  you  desensitize 
with  Me-ATP,  what  happens  to  these  two  phases?  Based  on  your  suggestion  that  the 
first  phase  is  receptor  m^iated,  I  would  predict  that  it  would  selectively  abolish  the 
first  phase. 

I^DAN'  That  is  a  very  interesting  suggestion.  We  have  been  considering  that 
experiment  for  some  time,  but  have  not  yet  done  it  It  all  depends  on  what  you  think 
IS  the  mechanism  of  ANAPP,  at  the  receptor,  that  is,  whether  ANAPP,  causes  a 
conventional  antagonism  or  simply  an  irreversible  agonist  signal.  The  experiment  you 
suggest  would  go  some  way  to  clarifying  this  rituation. 

T.  D.  White  (Dalhousie  University,  Halifax,  Nova  Scotia,  Canada)'  Docs  P-ATP 
antagonize  the  second  phase  of  contraction  of  the  guinea  pig  vas  deferens  observed 
during  sympathetic  nerve  stimulation? 

FeoaN:  We  have  not  yet  done  this  experiment.  Only  at  intermediate  to  high 
concentrations  of  ATP  ( >  3  X  10“*  M)  does  the  second  phase  of  contraction  to  ATP 
become  apparent.  The  possible  effect  of  P-ATP  on  neurogenic  responses  might  allow 
one  to  determine  a  wide  range  of  concentrations  at  which  neurally  released  ATP  is 
acting. 
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INTRODUCTION 


Blood  platelets  were  the  first  celts— or,  more  precisely,  anucleate  megakaryocyte 
fragments— demonstrated  to  respond  to  extracellular  adenine  nucleotides.  Gaarder  et 
al  ‘  identified  ADP  as  the  factor  that  was  released  from  red  cells  and  that  stimulated 
platelets  to  adhere  to  glass  Platelets  circulate  in  blood  without  adhenng  to  other 
platelets  or  to  the  endothelium  lining  the  vessels  Following  exposure  to  ADP  and 
other  physiological  agonists  such  as  collagen  or  thrombin,  platelets  undergo  adhesion, 
shape  change  (from  discs  to  spiculated  spheres),  aggregation,  and  secretion.  ADP 
released  from  injured  endothelial  or  red  cells  is  not  only  an  agonist,  but  functions  as 
an  autocrine  regulator  because  it  ts  also  released  from  platelet>dense  granules  dunng 
secretion.  ADP  is  also  involved  in  platelet  activation  by  thromboxane  A;,  platelet 
activating  factor,  collagen,  and  thrombin.  Exposure  of  platelets  to  ADP  results  in 
ionized  calcium  transport  into  the  cell  as  well  as  intracellular  mobilization  of  calcium. 
Calmodulin-dependent  phosphorylation  of  myosin  light  chain  then  occurs,  followed 
by  secretion  of  alpha  and  dense  granule  contents  ADP  initiates  two  separate  pathways 
that  unite  to  produce  platelet  activation  (Fig.  1 ).  At  low  concentrations,  ADP  (0. 1  -0  5 
fiM)  produces  shape  change,  followed  by  reversible  aggregation.*  Secondary  aggre¬ 
gation  and  release  of  storage  granule  contents  occur  when  ADP  reaches  2>5  pM  in 
the  extracellular  environment.  ADP  also  inhibits  adenylate  cyclase  when  it  is  stim¬ 
ulated  by  such  agonists  as  prostaglandin  Ij  and  adenosine.*  Tlie  conversion  of  ATP 
to  AMP  results  in  an  increase  of  cyclic  AMP,  which  inhibits  platelet  activation, 
including  aggregation  and  secretion.  Thus,  by  inhibiting  stimulated  adenylate  cyclase, 
ADP  reduces  cyclic  AMP,  further  potentiating  the  activation  of  platelets. 


FUNCTIONAL  AND  BINDING  STUDIES  OF  THE  ADP  RECEPTOR 


The  platelet  stands  alone  among  cells  with  surface  receptors  for  adenine  nucleotides 
by  prefemng  ADP  to  AMP,  ATP,  and  adenosine.  Functional  studies  have  been 
performed  by  measuring  biologic  response,  such  as  aggregation  over  a  variety  of  ADP 
concentrations.  These  studies  have  established  that  the  ADP  receptor  for  platelet 

‘*Thc  preparation  of  this  review  was  supported  by  Grant  HL36579  from  the  National  Institutes 
of  Health 
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shape  change  and  aggregation  displays  a  high  degree  of  specificity.  On  the  punne 
ring,  only  the  2*position  can  be  modified,  and  the  substitution  of  a  chloro  or  a 
methylthiol  group  results  in  more  active  agonists  *  Substitutions  at  the  6*  or  8-positions 
of  the  purine  nng  or  in  the  nbose  ring  Ksult  in  a  decrease  in  activity.*  The  pyro¬ 
phosphate  in  the  S'-position  is  required,  but  ATP  serves  as  a  competitive  antagonist.^ 
Adenosine  does  not  directly  inhibit  the  effect  of  ADP,  but  rather  inhibits  aggregation 
by  increasing  intracellular  cyclic  AMP.  When  platelet  membranes  have  been  used, 
formal  binding  expenments  have  been  frustrated  by  the  presence  of  ADP-binding 
proteins,  including  actin  and  myosin,  on  the  cytoplasmic  face  of  the  membranes.^ 
Binding  to  intact  platelets  is  hampered  by  the  presence  of  ecto-ADPases  that  degrade 
ADP  to  AMP  or  kinases  that  convert  ADP  to  ATP.  Jefferson  et  ol*  have  recently 
measured  the  binding  of  [2-*H]ADP  to  paraformaldehyde-fixed  platelets,  but  this 
approach  has  the  disadvantage  that  chemical  changes  in  the  binding  sites  induced  by 
the  fixative  could  affect  the  accessibility  of  the  ligand.  In  addition,  correlation  of 
function  with  the  number  of  sites  is  difficult 


FIGURE  J.  Dual  role  of  ADP  m  plate¬ 
let  activation.  See  text  for  explanation. 


IDENTIFICATION  OF  ADP  RECEPTOR  (AGGREGIN)  BY 
AFFINITY  LABELING 


Another  approach  is  that  of  affinity  labeling,  which  allows  the  introduction  of  a 
covalent  bond  t^tween  the  ligand  and  the  receptor,  and  which  thus  facilitates  definitive 
identification  of  particular  proteins  in  the  complex  mixture  that  is  characteristic  of 
the  platelet  membrane.  Bennett  et  aV  intioduc^  such  a  reagent  to  label  a  putative 
ADP  receptor,  S'-p-fiuorosulfonylbenzoyl  adenosine  (FSBA)  (Fig.  2).  This  compound 
is  similar  in  structure  to  ADP  or  ATP  in  the  adenosine  moiety,  and,  in  its  extended 
configuration,  has  a  carbonyl  group  at  the  5'-posUiun  of  the  nbose  (similar  to  the 
first  phosphoryl  group  of  ADP  or  ATP)  and  a  sulfonyl  group  (similar  to  the  terminal 
phosphate  of  ADP  or  ATP).  The  sulfonyl  fluonde  group  has  been  demonstrated  to 
react  covalently  with  several  nucleophilic  ammo  acids  Reactions  between  the  sulfonyl 
fluoride  group  and  these  ammo  acids  are  accompanied  by  displacement  of  the  fluoride 
ion  and  concomitant  covalent  labeling  of  multiple  enzymes.'^  The  first  event  after  the 
binding  of  ADP,  platelet  shape  change,  as  detected  by  either  changes  in  absorbance 
or  transmission  electron  microscopy,  is  inhibited  by  ^BA.  Inhibition  due  to  FSBA 
parallels  the  covalent  incorporation  of  SDA  into  platelets  in  both  a  time-  and  con¬ 
centration-dependent  manner."’*^  Phosphorylation  of  the  myosin  light  chain,  the  bio- 
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FIGURE  2.  Companson  of  the  structure  ^  'p-ffuorosulfonylbenzoyl  Qdenosioe  (5  FSBA) 
of  FSBA  and  ADP.  Reproduced  from  ref¬ 
erence  37  with  permission 


Adenosine-5'-diphosphoie  (ADP) 


chemical  correlate  of  ADP-induccd  shape  change,  is  also  inhibited  by  FSBA  “ 
Following  shape  change,  platelets  undergo  aggregation  when  exposed  to  ADP.  For 
aggregation  to  occur,  ADP  must  first  expose  fibnnogen-binding  sites  Fibnnogcn 
then  binds  to  a  calcium  complex  of  platelet  membrane  glycoproteins  lib  and  Ilia** 
that  serves  as  a  receptor  on  the  platelet  surface.  Exposure  of  washed  platelets**  to 
FSBA  prevented  ADP-induced  aggregation  and  inhibited  the  exposure  of  fibrinogen 
receptors  by  ADP  in  proportion  to  the  covalent  incorporation  of  the  affinity  analogue. 

Intact  platelets  incubated  with  (’H)FSBA  display  on  SDS  electrophoresis  a  single 
component  having  a  relative  molecular  mass  of  100,000  Da,  aggregin,  which  is  co¬ 
valently  modified  by  the  affinity  analogue.^*'*  The  specificity  is  indicated  by  the 
observation  that  the  incorporation  is  prevented  by  ADP  or  ATP,  but  not  by  adenosine. 
FSBA,  like  ADP,  cannot  penetrate  the  intact  cell  without  pnor  hydrolysis  to  aden¬ 
osine.’  Because  modifivJtion  of  a  single  surface  membrane  component,  aggregin,  by 
FSBA,  renders  platelets  refractory  to  activation  by  ADP,  aggregin  becomes  a  strong 
candidate  for  assignment  as  an  ADP  receptor  responsible  for  activation. 

FSBA  also  serves  as  a  partial  agonist  for  platelet  activation  ADP-mduced  shape 
change  has  an  ECx,  of  0  4  ^M,  but  we  found  that  FSBA  stimulated  platelet  shape 
change  with  an  EC^ci  of  220  jiM,”  a  550-fold  difference  (Fio.  3).  The  specificity  is 
confirmed  by  the  absence  of  any  measurable  effect  of  the  guanosine  analogue  of  FSBA 
(500  ;iM),  on  platelets  Because  the  amount  of  SBA  covalently  incorporated  into 
aggregin  at  the  time  of  maximum  platelet  shape  change  (2  mm)  was  only  3%  of  that 
incorporated  when  ADP-mduced  shape  change  was  totally  inhibited,  the  prior  non- 
covalent  binding  of  FSBA  to  platelets  was  responsible  for  the  activation  of  platelets. 


COLMAN;  ADP  RECEPTORS  IN  PLATELETS 


201 


Similar  observations  have  been  made  for  the  phosphorylation  of  the  myosm  light 
chain,  a  biochemical  correlate  of  shape  change.’*  High  concentrations  of  FSB  A  induce 
rapid  myosin  phosphorylation,’^  whereas  the  incubation  of  platelets  with  40  fiM  FSBA 
for  1  hr  results  in  the  inhibition  of  this  response. 


DISTINCTION  BETWEEN  AGGREGIN  AND  GPIIIa 


GPIIIa,  the  /3  component  of  the  heterodimer  hbnnogen  receptor,  has  a  molecular 
mass  (100  kDa)  similar  to  that  for  aggregin  on  nonreduced  gels.  Moreover,  throm* 
basthenic  platelets  lacking  GPIIIa  resemble  I^BA-treated  platelets  in  failing  to  ag* 
gregate  or  bind  hbnnogen  alter  ADP  stimulation,  and  both  proteins  are  degraded  by 
chymotrypsin  to  70«kDa  fragments.”  A  recent  study,’*  however,  has  assembled  over¬ 
whelming  evidence  that  aggregin  and  GPIIIa  are  distinct  proteins.  Thrombasthenic 
platelets  display  normal  ADP-induced  shape  change,  and  although  thrombasthenic 
platelets  from  the  two  patients  examined  contained  less  than  S%  of  the  GPIIIa  present 
in  normal  controls,  the  amounts  of  SBA  incorporated  into  the  platelets  of  the  two 
patients  were  similar  to  that  incorporated  into  the  controls.  Moreover,  aggregin  was 
not  precipitated  by  munne  monoclonal  antibodies  directed  against  the  GPIIb-GPIIIa 
complex  or  against  GPIIIa  or  by  a  monospecific  rabbit  polyclonal  antibody  to  GPIIIa. 
Finally,  on  reduction,  the  electrophoretic  migration  of  GPIIIa  decreases  because  of 
the  cleavage  of  intrachain  disulfide  bonds,  whereas  that  of  aggregin  remains  unchanged. 


DISTINCTION  BETWEEN  AGGREGIN  AND  THE  RECEPTOR 
COUPLED  TO  ADENYLATE  CYCLASE 


Is  the  ADP  receptor  mediating  shape  change  distinct  or  the  same  as  that  modulating 
adenylate  cyclase  (Fig.  1)7  Wc“  found  that  increasing  concentrations  of  ADP  pro- 


FIGURE  3.  Effect  of  vanous  concentrations  of  ADP.  FSBA,  and  FSBG  on  induced  platelet 
shape  change  Each  compound  was  tested  at  a  wide  range  of  t^ncentralions  for  its  ability  to 
produce  shape  change.  For  comparison,  each  is  normalized  to  the  percentage  of  maximum  shape 
change  and  plotted  as  a  log  of  concentration  The  data  are  from  a  single  expenment  and  are 
representative  of  three  such  expenments  Reproduced  from  reference  12  with  permission 
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gressively  decreased  the  prostaglandin  Ij^stimulated  platelet  cyclic  AMP  formation. 
Neither  the  basal  nor  the  stimulated  levels  of  cyclic  AMP  were  affected  by  FSBA. 
Further,  2*methylthio-ADP  (MeSADP)  was  75*fold  more  potent  as  an  inhibitor  of 
stimulated  adenylate  cyclase  than  as  a  stimulator  of  platelet  aggregation.  Radiolabeled 
MeSADP  bound  to  intact  platelets  at  concentrations  that  do  not  affect  aggregation 
but  cause  marked  inhibition  of  adenylate  cyclase.  FSBA  at  a  concentration  25*fold 
greater  than  that  needed  to  block  aggregation  did  not  change  the  number  of  binding 
sites  for  MeSADP.  Finally,  the  nonpenetrating  thiol  reagent,  ;7‘CMoromercunbenzene' 
sulfonate,  failed  to  inhibit  shape  change  induced  by  ADP  but  revc'ced  the  effect  of 
ADP  In  inhibiting  cyclic  AMP  accumulation.  This  finding  further  indicates  the  distinct 
nature  of  the  two  receptors. 


RELATIONSHIP  OF  AGGREGIN  TO  RECEPTORS  FOR  OTHER 
PLATELET  AGONISTS 


Prior  to  the  use  of  FSBA,  mvolvement  of  ADP  was  evaluated  by  converting 
endogenous  or  exogenous  ADP  to  ATP  with  creatine  phosphokmase  (Ai,  ~  50  ^M) 
or  by  hydrolyzing  ADP  to  AMP  with  potato  apyrasc  (AT.  «  240  ^M).  ADP  potentiates 
other  agonists  at  concentrations  as  low  as  50  nM,  and  thus  the  results  with  these 
enzymes  may  not  be  definitive.  Using  FSBA  to  block  the  receptor  has  made  it  possible 
to  reassess  the  requirement  for  ADP  for  activation  by  other  platelet  agonists. 


EPINEPHRINE 


Epinephrine  was  able  to  induce  platelet  aggregation  and  bind  fibrinogen,  but  only 
when  incubated  at  1>5  ^M,  a  concentration  100-fold  higher  than  that  which  exists 
in  vivo  during  stress.’*  Thus,  epinephnne  must  act  in  synergy  with  other  agonists  such 
as  ADP  to  have  physiological  significance  in  platelet  activation.  Both  platelet  aggre¬ 
gation  and  inhibition  of  adenylate  cyclase  are  mediated  by  an  Oj-adrenergic  receptor, 
the  gene  for  which  has  been  cloned.^ To  study  the  ‘‘cross-talk’'  between  this  receptor 
and  aggregin,  FSBA  was  used  to  render  the  platelet  insensitive  even  to  submicromolar 
concentrations  of  ADP.*'  FSBA  progressively  inhibited  epinephnne-induced  platelet 
aggregation  and  fibnnogen  binding,  indicating  the  absolute  dependence  of  epinephnne- 
induced  platelet  aggregation  on  the  ADP  receptor  (aggregin)  FSBA  did  not  change 
the  number  or  affinity  of  a, -adrenergic  receptors**  as  measured  by  ('H)yohimbine 
binding  ** 

Epinephrine  is  able  to  potentiate  ADP-induced  aggregation  by  increasing  by  10- 
fold  the  affinity  of  binding  of  ADP  to  platelets  without  altering  the  total  numl^r  of 
ADP  binding  sites  as  measured  by  incorporation  of  ['H]FSBA.  Thus,  epinephnne, 
by  decreasing  the  concentration  of  ADP  in  this  way,  could  protect  against  FSBA 
incorporation  (Fig  4)  The  rate  of  incorporation  of  FSBA  may  in  fact  be  inhibited 
by  much  lower  concentrations  of  ADP  in  the  presence  of  epinephrine  *‘  This  synergistic 
effect  appears  to  depend  on  aj-adrenergic  receptors  b^ause  it  is  block^  by  the 
competitive  antagonist,  yohimbine. 
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PROSTAGLANDIN  Hj 


Prostaglandin  Hj  (PGH2)  is  one  of  the  predominant  metabolites  of  arachidonic 
acid  and  a  potent  inducer  of  platelet  activation.  PGHj  is  synthesized  from  arachidonic 
acid  by  cyclooxygenase.  The  role  of  released  ADP  in  the  action  of  PGHj  has  been 
unclear.  ADP  was  thought  to  be  unnecessary  for  endoperoxide-stimulated  platelet 
aggregation  because  PGHj  can  stimulate  aggregation  without  detectable  ADP  release, 
because  arachidonic  acid  can  induce  aggregation  of  degranulated  platelets,^’  and  be¬ 
cause  endoperoxides  induce  aggregation  of  platelets  with  **storage  pool  disease  ”  The 


FIGURE  4.  Effect  of  epmephnne  on  the  ability  of  ADP  to  protect  against  covalent  incorporation 
of  (’HJfSBA  into  intact  platelets.  Platelets  (1  ml,  5  X  10*  cells/inl)mTyrodc’s  buffer  without 
added  calcium  were  incu^ted  with  {TfJFSBA  (40  pM,  37  *C)  in  the  presence  (0“~”0)  and 

absence  (• - #)  of  epmephnne  (10  ^M)  at  various  concentrations  of  ADP.  The  incubations 

were  carried  out  in  the  presence  of  adenosine  deaminase  (2  umt$/ml)  At  the  end  of  the  incubation 
penod  (S  mm),  the  suspensions  were  treated  with  dithiothreitol  (02  M)  to  destroy  the  FSBA 
and  stop  the  reaction  The  suspensions  were  then  washed  and  dialyzed  Reproduced  from 
reference  21  with  permission 


necessary  ADP  concentrations,  however,  may  just  be  very  low.  In  transfer  experiments 
involving  thromboxane,  ADP  appeared  to  be  important  in  the  observed  responses 
The  use  of  FSBA  has  established  that  prostaglandin  endoperoxide-induc^  aggre¬ 
gation  of  platelets  requires  ADP.’’  The  platelet  aggregation  and  fibrinogen  binding 
induced  by  stable  PGHj  analogues  (U44619  and  azo-PGHj)  are  inhibited  by  FSBA. 
In  contrast,  the  shape  change  induced  by  high  concentrations  of  prostaglandin  en¬ 
doperoxides  IS  not  inhibited  by  FSBA.  llius,  ADP  is  required  for  the  induction  of 
aggregation  by  the  prostanoid  denvatives,  but  not  for  the  shape  change  induced  by 
high  concentrations  of  prostanoids,  the  shape  change  being  mediated  by  a  distinct 
receptor. 
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COLLAGEN 


Collagen  is  known  to  stimulate  platelet  aggregation  and  fibrinogen  binding,  but 
the  role  of  ADP  has  been  controversial.  Investigators  have  suggested  that  ADP  is 
essential,^*  that  it  is  partially  responsible,^  and  that  it  plays  no  role  in  colIagen*induced 
aggregation.^’  We  have  studied’*  collagen-induced  platelet  activation  using  FSBA  to 
block  ADP  actions  by  modifying  aggregin  covalently.  The  induction  of  platelet  ag¬ 
gregation  and  exposure  of  fibrinogen  receptors  are  completely  inhibited.  FSBA  also 
inhibits  collagen-induced  shape  change  as  well  as  shape  change  stimulated  by  low 
concentrations  of  azo-PGH,.  At  higher  concentrations  of  azo-PGHj,  however,  the 
inhibition  by  FSBA  can  be  overcome.  Thus,  activation  of  platelets  by  collagen  is 
mediated  directly  by  ADP  binding  to  aggregin  to  induce  aggregation  and  exposure 
of  fibnnogen  binding  sites  and  indirectly  by  ADP  through  potentiating  PGH-induccd 
shape  change. 


THROMBIN 


Thrombin  appears  to  stimulate  platelets  by  multiple  mechanisms.  At  low  concen¬ 
trations  of  thrombin  ( ^  1  nM),  secretion  of  ADP  and  fibrinogen  may  contribute  to 
platelet  stimulation.  Thrombin,  unlike  collagen,  epinephrine,  and  prostaglandin  en- 
doperoxides,  however,  stimulates  platelets  by  a  mechanism  independent  of  ADP.  Thus, 
as  predicted,**  aggregation  and  exposure  of  fibrinogen  binding  sites  are  little  affected 
by  FSBA  when  stimulated  by  moderate  concentrations  of  thrombin  (>2  nM,  0.2 
NIH  units/ml).  Harmon  and  Jamieson*^  summarized  the  evidence  for  two  types  of 
receptors,  and  for  each  of  these  receptors  being  coupled  to  different  platelet  responses. 
The  first  type,  R|.  is  ADP  independent,  involves  a  small  number  of  high-afiinity  sites, 
and  requires  only  low  concentrations  of  thrombin  ( <  1  nM).  This  receptor  mediates 
the  inhibition  of  stimulated  adenylate  cyclase,  the  secretion  of  acid  hydrolases,  and 
the  activation  of  phospholipase  Aj.  and  is  not  stimulated  by  y-thrombm.  The  second 
type,  R},  is  dependent  on  occupancy  of  an  intermediate  number  of  binding  sites  with 
moderate  affinity  and  requires  a  moderate  concentration  of  thrombin  (>  2  nM).  This 
receptor  is  linked  to  phospholipase  C,  probably  through  a  G  protein,  and  thus  produces 
diacylglycerol,  which  stimulates  protein  kinase  C  and  is  closely  linked  to  secretion, 
and  inositol  trisphosphate,  which  plays  a  major  role  in  mobilizing  intracellular  calcium. 
These  responses,  which  are  also  mediated  by  y-thrombin,  result  in  platelet  aggregation 
and  exposure  of  fibnnogen  binding  sites. 

We  have  shown  that  aggregin  is  cleaved  after  exposure  of  intact  platelets  to 
thrombin.  Aggregin  is  not  cleaved,  however,  if  thrombin  is  incubated  with  platelet 
membranes  containing  aggregin  (Fig  5)  or  with  mtact  platelets  depleted  of  ATP.*’ 
These  findings  suggested  that  thrombin  may  act  indirectly  by  activating  an  intracellular 
proteolytic  enzyme  dependent  on  metabolic  ener^.  Because  the  cleavage  was  inhibited 
by  thiol  protease  inhibitors,  leupeptin  and  antipain  (20  ^M),  it  was  suggested  that  a 
thiol  protease  cleaved  aggregin.*'  Moreover,  at  20  ftM  leupeptin,  there  is  no  inhibition 
of  the  ability  of  thrombin  to  elevate  intracellular  Ca**,  to  produce  shape  change,  to 
cleave  tripeptide  amidolytic  substrates  (Table  1),  or  to  clot  fibnnogen.  Punfied 
platelet  calpain,  unlike  thrombin,  is  able  to  cleave  aggregin  in  the  platelet  membrane 
as  well  as  in  intact  platelets.  If  fibnnogen  is  added,  calpam  will  aggregate  washed 
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FIGURE  5.  Effect  of  thrombin  on  the  proteolytic  cleavage  of  [  )FSBA>modified  aggregm  in 
(A)  intact  platelets  and  (B)  platelet  membrane.  The  solid  lines  and  dashed  lines  indicate  the 
distribution  of  radioactivity  in  gels  corresponding  to  control  and  thrombin-treated  samples, 
respectively.  Platelets  were  labeled  with  (’H]FSBA  The  radiolabeled  platelets  ( 1  X  10'V20 
ml)  were  incubated  in  the  absence  or  presence  of  thrombin  (0  2  units/ml)  at  37  *C  for  30  mm. 
Following  incubation,  thrombin  was  inactivated  by  the  addition  of  3  nM  PPACK  Membrane 
preparations  of  ( ’HlFSBA-labeled  aggregm  from  control  and  ihrombm-treated  platelets  were 
solubiltred.  dialyzed,  and  separated  by  electrophoresis  Membranes  containing  { ’H  ]F$B  A-labeled 
aggregm  were  first  prepared  from  intact  ( ’HJFSBA-labeled  platelets  (3  2  X  10'®)  The  radio* 
labeled  membranes  were  suspended  in  300  ^1  of  50  mM  sodium  phosphate  buffer.  pH  7.2.  and 
divided  into  two  equal  halves  They  were  incubated  with  thrombin  (0  2  umis/ml)  for  30  min 
at  37  *C.  Thrombin  activity  was  inhibited  by  the  addition  of  hirudin  (20  umts/ml).  In  the 
control  experiment,  thrombin  was  omitted  from  the  incubation  mixture.  The  control  and  throm* 
bin*treated  membranes  were  solubilized,  dialyzed,  and  separated  by  electrophoresis  Reproduced 
from  reference  30  with  permission. 


TABLE  1.  Effect  of  Leupcptin  on  Thrombm*Induccd  Platelet  Aggregation  and  Shape 
Change,  on  (Ca’*)^  and  on  Thrombin  Enzymatic  Activity _ _ 


Leupeptm 

(Ca-l, 

(nM) 

Extent  of 
Aggregation 
(mV) 

Extent  of 

Shape  Change 
(mV) 

Amidolytic 

Activity 

(%) 

869  ±  33 

40  ±  2 

14  ±  1 

lOO 

5 

876  ±  36 

34  ±  2 

14  ±  1 

10 

889  ±  22 

14  ±  1 

98  ±  4 

20 

883  ±  28 

0 

15  ±  1 

94  ±  5 

30 

473  t  18 

14  *  1 

40 

208  ±  10 

0 

14  ±  2 

84  ±  5 

Note  Platelet  shape  change  was  monitored  in  a  Lumi  aggregometer  in  the  presence  of  2  mM 
EDTA.  Intracellular  Ca'*  concentrations.  (Ca’*]^  and  platelet  aggregation  were  measured.  In 
each  case,  platelets  were  premcubated  with  a  given  concentration  of  leupeptm  for  30  sec  at  37*C 
followed  by  the  addition  of  thrombin  (0  2  units/ml).  Platelet  concentrations  were  as  follows.  5 
X  lOVml  for  (Ca*^J.  and  platelet  aggregation  and  1  X  I0*/mI  for  platelet  shape  change 
Thrombin  amidolytic  activity  was  measured  with  1  mM  S223$  (//•D-phenylalanine  pipecolyhL- 
argtnine*p'nitroanilide)  as  substrate  Each  result  is  expressed  as  a  mean  i  SD  of  three  experi¬ 
ments  llie  basal  [Ca^*].  in  platelets  in  the  absence  of  thrombin  was  80  ±  S  nM 
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platelets  preincubated  with  FSBA,  further  supporting  the  thesis  that  thrombin-induced 
platelet  aggregation  and  exposure  of  hbrinogen  binding  sites  are  mediated  through 
the  activation  of  calpain**  and  are  independent  of  ADP. 

Competition  binding  studies  show  that  Ar**tosyl-L-lysine  chloromethyl  ketone 
(PPACK)  modifies  thrombin  so  that  it  competes  for  the  Rj  site  on  platelets.*’  We 
have  recently  shown”  that  PPACK-thrombm  inhibits  thrombm-induci^  platelet  ag¬ 
gregation  and  cleavage  of  aggregin,  indicating  that  this  thrombin  response  is  receptor 
mediated.  Iloprost  (a  stable  PGI^  analogue)  and  forskolin,  both  of  which  raise  cAMP 
levels  and  inhibit  thrombin  binding”  inhibit  thrombin-associated  aggregation  and 
cleavage  of  aggregin,”  indicating  that  both  aggregation  and  cleavage  of  aggregin  depend 
on  the  binding  of  thrombin  to  a  platelet  receptor  (R,). 

High-molecular-weight  kininogen  (HK),  the  most  potent  plasma  inhibitor  of  plate¬ 
let  calpain,”  was  found  to  inhibit  thrombin-induced  aggregation  and  cleavage  of 
aggregin,”  further  strengthening  the  involvement  of  calpain  in  the  aggregation  by 
platelets.  About  10  times  as  much  thrombin  is  needed  to  stimulate  platelets  in  plasma 
as  washed  platelets.  This  difference  may  be  due  to  the  presence  of  HK,  since  plasma 
deficient  in  HK  behaves  similarly  to  washed  platelets.  This  inhibition  displays  spec¬ 
ificity  because  HK  inhibits  both  a-  and  Y-thrombin  but  fails  to  inhibit  aggregation 
by  ADP;  collagen;  a  calcium  ionophoro,  A23187  (without  added  Ca*"*^);  the  protein 
kinase  C  stimulator,  phorbol  myristrate  acetate;  a  combination  of  A23187  and  phorbol 
myristrate  acetate;  or  the  stable  prostaglandin  endoperoxide,  U46619. 


CONCXUSION 


A  working  model  first  developed  to  explain  chymotrypsin-induced  platelet 
aggregation”'”  has  recently  been  expanded  to  explain  thrombin-induced  platelet  ag¬ 
gregation  (Fig.  6).”  Aggregin,  a  platelet  membrane  protein  with  a  molecular  mass 
of  100,000  daltons,  exhibits  a  nucleotide  binding  site  capable  of  interacting  with  ADP 
and  ATP.  Binding  at  the  ADP  site  results  in  exposure  of  latent  fibrinogen  binding 
sites  necessary  for  platelet  aggregation.  FSBA  prevents  the  binding  of  ADP  to  aggregin 
and  thus  inhibits  exposure  of  fibrinogen  binding  sites,  shape  change,  and  aggregation 
of  the  cells  Aggregin  is  distinct  from  the  ADP  binding  site  that  mediates  the  inhibition 
of  adenylate  cyclase  as  well  as  glycoprotein  Ilia  (GPIIIa).  Binding  of  ADP  to  the 
receptor  is  pictured  as  introducing  a  conformational  change  in  the  receptor  molecule, 
thereby  facilitating  the  spatial  approximation  of  glycoproteins  Ilb/lIIa  to  form  the 
fibrinogen  receptor.  Thrombin  binds  to  glycoprotein  Ib  (GPIb)  on  the  platelet  mem¬ 
brane  and  initiates  a  series  of  events  that  activate  calpain.  Metabolic  energy  is  required 
to  supply  ATP  for  the  synthesis  of  phosphatidyl  inositol  bisphosphale  (PIPj)  from 
phosphatidyl  inositol  Thrombin  activates  phospholipase  C,  which  cleaves  PIP,  to 
diacylglycerol  The  other  product,  inositol  tnsphosphate,  raises  intracellular  Ca**  and 
thus  activates  platelet  calpain.  Calpain  then  cleaves  aggregin,  resulting  in  the  exposure 
of  the  GPIIb/GPIIIa  complex  to  allow  binding  of  fibrinogen  and  platelet  aggregation. 
Thus,  aggregin  plays  a  major  role  in  platelet  activation  not  only  by  serving  as  the 
receptor  for  ADP-induced  shape  change  and  aggregation  but  also  by  reversing  the 
latency  of  the  fibrinogen  receptor. 
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FIGURE  6.  Schematic  model 
for  mechanisms  of  platelet  ag* 
gregation  by  ADP  and  ihrom. 
bin.  See  text  for  explanation. 
Reproduced  from  reference  35 
with  permission. 
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DISCUSSION  OF  THE  PAPER 


J.  S.  Wiley  (Austtn  Hospital.  Heidelberg.  Australia)'.  Do  proteolytic  enzymes  such 
as  trypsin  that  stimulate  platelet  aggregation  also  cause  digestion  of  the  95*kDa 
“  aggregin  ”  protein  band?  Conversely,  do  proteolytic  enzymes  that  do  not  cause  platelet 
aggregation  alter  the  95-kDa  “aggregm”  band? 
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R.  W.  COLMAN.  We  have  shown  that  plasmin  acts  identically  to  thrombin  and 
causes  aggregation  and  degradation  of  aggregm  by  raising  the  intracellular  level  of 
Ca’*  and  by  activating  calpain.  We  have  also  studied  chymotrypsin,  which  can 
aggregate  platelets  but  cannot  cause  secretion  or,  presumably,  raise  the  level  of  Ca*'^. 
This  enzyme  cleave  aggregm  to  a  70*kDa  peptide,  whereas  calpain,  thrombin,  and 
plasmin  cleave  aggregm  to  small  peptides.  Thus,  chymotrypsm  works  directly  on 
aggregin  rather  than  by  a  mechanism  dependent  on  calpain. 

R  Kornecki  (SUNY  Health  Science  Center  at  Brooklyn,  New  York,  NY).  Early 
studies  have  shown  that  the  platelet  epinephrine  and  ADP  receptors  are  distinct 
receptors  on  the  platelet  surface.  In  these  studies,  Dr.  David  Mills  showed  that  the 
primary  wave  of  aggregation  induced  by  epinephrine  was  not  inhibited  by  ATP.  Could 
you  explain  from  your  studies  whether  in  this  system  (that  is,  in  the  ability  of  FSBA 
to  completely  block  epinephnne-induced  platelet  aggregation),  ATP  and  FSBA  arc 
acting  through  different  mechanisms  and  through  separate  receptors? 

R.  W.  COLMAN:  I  agree  that  ADP  and  epinephrine  are  acting  through  different 
receptors— the  former  through  aggregm,  the  latter  through  the  cloned  Oj'adrenergic 
receptor.  This  conclusion  is  borne  out  by  our  studies  because,  as  1  mentioned,  FSBA 
modification  of  aggregin  does  not  change  the  binding  of  the  competitive  adrenergic 
antagonist  yohimbine.  The  inhibition  of  epmephrine^nduced  platelet  aggregation  by 
FSBA  is  due  to  a  postreceptor  effect  and  indicates  that  ADP  is  necessary  to  bind  to 
aggregin  to  reverse  the  latency  of  the  fibrinogen  receptor  and  allow  platelet  aggregation. 
In  the  presence  of  ADP  (without  FSBA),  epinephrine  produces  aggregation  by  en¬ 
hancing  the  affinity  of  ADP  for  its  receptor,  aggregin.  The  use  of  ATP  as  a  competitive 
antagonist  is  difficult.  In  our  hands,  we  need  500-1000  ;iM  ATP  to  block  ADP 
aggregation  by  1-2  pM  ADP.  This  concentration  of  ATP  is  probably  needed  because 
of  the  lower  affinity  and  rapid  hydrolysis  of  ATP. 

J.  S,  Davidson  {University  of  Cape  Town  Medical  School.  Cape  Town,  South 
Africa):  If  your  scenano  regarding  calpain  is  correct,  the  effect  of  thrombin  should 
be  mimicked  by  calcium  ionophore.  Have  you  done  this  experiment? 

R.  W,  COLMAN:  Yes.  We  find  that  the  calcium  ionophore  A23187  in  the  presence 
of  5  mM  Ca^^  can  cause  both  platelet  aggregation  and  cleavage  of  aggregin,  thus 
mimicking  thrombin.  Interestingly,  A23187  alone  does  not  result  in  cleavage  of  ag¬ 
gregm.  This  finding  is  consistent  with  the  fact  that  A23187  plus  Ca^*^  raises  the 
intracellular  Ca*^  level  to  above  1  |iM,  as  does  thrombin,  allowing  activation  of 
calpain.  A23187  alone,  however,  only  gives  values  of  Ca*^  of  about  400  nM,  a 
concentration  that  does  not  activate  c^pam. 
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INTRODUCTION 


Adenosine  is  the  final  product  of  the  stepwise  dephosphorylation  of  ATP.  Like 
ATP,  adenosine  has  numerous  pharmacodynamic  actions  mediated  by  cel)  surface 
receptors.  Because  of  its  close  structural  and  metabolic  relationship  to  ATP,  adenosine 
has  a  role  that  is  closely  intertwined  with  the  roles  of  intracellular  and  extracellular 
ATP. 

This  article  will  attempt  to  answer  three  questions  that  are  central  to  adenosine 
research.  These  questions  are  also  relevant  to  the  extracellular  actions  of  ATP,  and 
in  fact  analogous  questions  can  be  framed  for  ATP.  Because  the  field  of  extracellular 
ATP  research  is  still  relatively  young,  clear  answers  to  most  of  these  questions  arc 
not  yet  available  for  ATP,  and  in  fact  these  questions  may  form  an  agenda  for  ATP 
research  in  the  1990s. 


WHAT  IS  THE  PHYSIOLOGICAL  ROLE  OF  ADENOSINE? 


An  understanding  of  the  role  of  adenosine  must  encompass  both  the  pharmaco* 
dynamic  actions  of  adenosine  and  the  stimuli  that  lead  to  its  production.  The  major 
source  of  adenosine  appears  to  be  intracellular  AMP,  whose  concentration  in  turn  is 
a  function  of  intracellular  ATP  concentration  and  energy  charge  [Energy  charge  is 
(ATP  +  Yj  ADP)  /  (ATP  +  ADP  +  AMP).)  If  energy  charge  drops,  because  of 
an  increase  in  the  hydrolysis  of  ATP  or  a  decrease  m  the  rate  of  synthesis  of  ATP, 
then  the  AMP  concentration  nses  (Fig.  I)  A  portion  of  the  AMP  is  then  converted 
to  adenosine  by  an  intracellular  5'*nucleotida$e.'  The  localization,  regulation,  and 
general  properties  of  this  enzyme  are  probably  the  least  understood  area  of  adenosine 
research  Nevertheless,  it  is  clear  that  physiological  stimuli  that  lower  energy  charge 
(for  example,  hypoxia,  ischemia,  exercise)  greatly  increase  adenosine  production.*^ 
In  most  cases,  the  limiting  factor  for  maintenance  of  cellular  energy  charge  is  the 
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availability  of  oxygen.  Thus,  adenosine  levels  act  as  a  sort  of  oxygen  sensor,  with  high 
levels  of  adenosine  denoting  inadequate  tissue  oxygenation. 

Adenosine  probably  acts  as  a  local  hormone  rather  than  a  circulating  hormone  or 
neurotransmitter.  Unlike  classical  neurotransmitters,  adenosine  can  be  produced  by 
virtually  any  cell.  Adenosine  per  se  does  not  appear  to  be  stored  in  exocytotic  vesicles, 
but  rather  is  produced  on  demand,  much  like  the  prostaglandins  and  leukotrienes 
The  extracellular  half-life  of  a  few  seconds  for  adenosine  implies  that  it  should  be 
capable  of  diffusing  several  millimeters  from  its  source,  indicating  a  wider  sphere  of 
action  than  a  single  synapse,  but  a  much  more  localized  role  than  would  be  seen  with 
a  circulating  hormone. 

Adenosine  can  also  anse  from  release  of  ATP,  which  is  rapidly  broken  down  by 
ectonucleotidases.  ATP  is  released  from  nerve  endings  (where  it  is  stored  in  vesicles 
along  with  biogenic  amines  or  other  classical  neurotransmitters),  from  blood  platelets 


FIGURE  1.  Role  of  adenosine  in  energy  sup- 
ply/demand  balance.  It  should  lie  noted  that 
although  most  high-affinity  Aj  responses  oc¬ 
cur  in  vascular  elements  (such  as  arterial 
smooth  muscle  and  platelets),  some  re¬ 
sponses  (such  as  inhibition  of  loMimotor  ac¬ 
tivity)  involve  nonvascular  ttssu<». 
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(where  it  is  stored  in  secretory  granules  along  with  ADP),  and  from  cells  that  are 
undergoing  lysis.  The  adenosine  that  is  generated  from  neuronal  ATP  release  is 
involved  in  a  negative  feedback  loop,  as  many  nerve  endings  possess  adenosine  receptors 
that  inhibit  ncurotransmitter  release  These  sources  of  adenosine  probably  arc  im¬ 
portant  under  specialized  circumstances  (that  is,  at  particular  synapses  or  at  sites  of 
injury),  whereas  intracellularly  generated  adenosine  probably  predominates  at  a  more 
macroscopic  level.  For  instance,  in  brain  slices  ecto-5'-nucIeotidase  inhibitors  block 
the  elevation  in  cyclic  AMP  caused  by  AMP,  but  not  that  caused  by  depolanzation, 
implying  that  the  major  source  of  the  adenosine  that  is  released  by  depolarizing  agents 
1$  intracellular.’ 

The  responses  to  adenosine  are  mediated  by  two  major  classes  of  extracellular 
receptors,  called  A,  and  Aj.*  The  two  receptor  subtypes  were  originally  defined  in 
terms  of  effects  on  adenylate  cyclase  and  cyclic  AMP  levels,  with  Aj  receptors  lowenng 
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I  cyclic  AMP  and  Aj  receptors  raising  <^clic  AMP.^’  In  recent  years,  however,  it  has 

I  become  apparent  that  at  least  the  A]  receptor  can  have  effects  that  are  independent 

I  of  cyclic  AMP,  including  opening  potassium  channels,’  closing  calcium  channels,’ 

I  and  inhibiting’^  or  stimulating"  phosphatidylinositol  turnover  Because  of  this,  the 

\  receptors  are  now  defined  in  terms  of  structure-activity  relationships  (see  the  following 

I  section  for  examples  of  selective  agents). 

i  A,  and  A]  receptors  appear  to  have  distinct  roles  m  protecting  against  the  con- 

I  sequences  of  inadequate  tissue  oxygenation."  A,  responses  almost  invanably  bring 

i  about  a  decrease  in  oxygen  demand,  that  is,  a  decrease  in  the  amount  of  metabolic 

5  work  earned  out  by  a  tissue  (Table  1).  In  contrast.  A,  responses  usually  involve  an 

!  increase  in  oxygen  supply.  In  the  heart,  A]  receptors  in  the  cardiac  muscle  decrease 

j  heart  rate,  decrease  force  of  contraction,  and  inhibit  the  conduction  of  action  po- 

I  tentials."  All  of  these  effects  reduce  the  amount  of  work  carried  out  by  the  heart.  In 

adipocytes,  A|  receptor  activation  inhibits  lipolysis,"  reducing  the  amount  of  free  fatty 
!  acids  available  for  oxidation  and  concomitantly  lowering  oxygen  consumption  and 

thermogenesis.  A,  agonists  injected  into  the  brain  decrease  locomotor  activity,"  de¬ 
creasing  global  oxygen  consumption.  Localized  actions  of  adenosine  to  lower  brain 
oxygen  consumption  include  inhibition  of  neuronal  linng"  and  inhibition  of  neuro- 
transmitter  release."  "  The  inhibition  of  excitatory  ammo  acid  release  by  adenosine 
appears  to  be  a  powerful  neuroprotective  mechanism."  A,  agonists  lower  body  tem¬ 
perature,  probably  by  both  central  and  peripheral  m^hamsms  ^  One  exception  to  the 
above  generalization  is  the  inhibition  of  breathing  caused  by  intraventricular  admin¬ 
istration  of  A|  agonists."  This  would  obviously  cause  a  global  decrease  m  the  oxygen 
supply.  It  may  be,  however,  that  the  teleological  purpose  of  this  effect  is  to  protect 
the  neurons  of  the  respiratory  center  by  limiting  their  oxygen  consumption.  In  any 
case,  the  A, -mediated  inhibition  of  breathing  is  offset  by  a  powerful  A^-mediated 
stimulation  of  breathing  (see  next  paragraph). 

Most  Aj-mediated  responses  bnng  about  an  increase  in  the  local  oxygen  supply 
(Table  1)  Aj  agonists  relax  vascular  smooth  muscle,  resulting  m  vasodilation  and 
increased  blood  flow.  Aj-receptor-mcdiated  inhibition  of  platelet  aggregation"  in¬ 
creases  the  blood  supply  to  tissues  that  arc  expenencing  thrombosis.  Adenosine  also 
inhibits  neutrophil  activation,  increasing  blood  flow  by  preventing  adherence  of  neu¬ 
trophils  to  capillary  walls,  as  well  as  preventing  reperiusion  injury  due  to  generation 
of  superoxide  radicals "  Adenosine  increases  breathing  by  activating  A,  receptors  in 
the  carotid  artery."  Results  with  adenosine  antagonists  indicate  that  endogenous 
adenosine  may  have  an  important  role  in  regulating  breathing  via  the  carotid  che- 
moreceptors "  Interestingly,  all  of  the  above  responses  involve  vascular  tissue  (con¬ 
strued  in  a  broad  sense),  suggesting  that  the  vasculature  is  probably  the  mam  target 
for  high-affinity  A^  receptors. 

Two  other  Aj  responses,  relaxation  of  gut  smooth  muscle"  and  inhibition  of 
locomotor  activity,**"  should  cause  decreases  in  oxygen  consumption.  These  responses 
are  exceptions  to  the  general  rule  that  Aj  receptors  mediate  increases  in  oxygen  supply;, 
nevertheless,  they  are  consistent  with  adenosine's  overall  role  m  preventing  tissue 
damage  from  inadequate  oxygenation.  The  inhibition  of  locomotor  activity  by  Aj- 
selective  adenc^ine  agonists  is  of  interest  because  of  the  very  restricted  distribution  of 
high-affinity  A2  receptors  in  the  brain:  these  receptors  are  found  in  the  stnatum, 
nucleus  accumbens,  and  olfactory  tubercle,"  areas  that  have  a  high  level  of  dopa¬ 
minergic  innervation  and  are  part  of  the  extrapyramidal  motor  system 

The  role  of  A,  and  A,  receptors  in  the  kidney  is  of  particular  interest.  Because 
the  amount  of  work  done  by  the  kidney  is  proportional  to  renal  blood  flow  (all  other 
factors  being  equal),  nonselective  increases  in  raial  blood  flow  will  not  improve  oxygen 
supply /demand  balance,  and  m  fact  may  exacerbate  a  renal  oxygen  deficit"  The  role 
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of  adenosine  in  the  kidney  reflects  this  dUemma.  A,  receptor  activation  selectively 
constnets  the  renal  afferent  arterioles,  whereas  receptor  activation  dilates  the 
efferent  artenoles.  The  net  effect  of  these  two  actions  is  to  reduce  the  pressure  drop 
across  the  glomerular  filter,  reducing  the  amount  of  fluid  that  is  filtered  by  the 
glomerulus  and  thereby  reducing  the  amount  of  <mefgy  expended  on  reabsorption  of 
solutes.  The  final  result  is  an  almost  unchangwl  blood  flow  combined  with  a  reduction 
in  the  metabolic  demands  of  the  kidney.  In  addiUoa  to  the  above  hemodynamic  effects, 
adenosine  also  lowers  renin  release  via  A|  recQitors,  thereby  lowering  the  amount  of 


TABLE  1.  Role  of  Adenosine  A,  and  Ai  Receptors  m  Oxygen  Supply/Dcmand 

Balance _ _ _  _  _ _ _ _ 

Response _ Oiygen  Demand _ Oxygen  Supply 

A,  Receptor-Mediated  R^onsef 


Decrease  heart  rate 
Decrease  heart  force 
Decrease  hpolysis 
Constr.cl  renal  afferent 
artenoles 

Decrease  renin  release 
Decrease  locomotor  activity 
Decrease  neuronal  finng 
Decrease  transmitter  release 
Decrei^e  body  temperature 
Decrease  breathing  (CNS) 


Decfea^ 

Decrease 

Decrease 

Decrease 

Increase 

Decrease 

Decrease 

Decrease 

Decrease 

Decrease 

At  Receptor-Mediated  Responses 


(Decrease) 


(Decrease) 


Vasodilation 

Decrease  platelet  aggregation 
Decrease  neutrophil  activation 
Increase  breathing  (carotid) 
Dilate  renal  efferent 
artenoles 

Increase  renin  release 
Relax  gut  smooth  muscle 
Decrease  locomotor  activity 


Decree 

Increase 

Decrease 

Decrease 


Increase 

Increase 

Increase 

Increase 

Increase 


•The  two  examples  m  which  A,  responses  lower  oxygen  supply  are  shown  in  parentheses 
because  these  responses  are  counteracted  by  A,  effects 


work  expended  on  retention  of  sodium.  A,  reeeptor  activation,  however,  cause  an 
incr^e  in  renin  release,”  which  is  difficult  to  reconcile  with  adenosines  role  m 

maintaining  adequate  tissue  oxygenation.  . 

One  can  speculate  that  adenosine’s  role  PS  a  local  hormone  arose  in  evolimon  in 
the  following  way.  Imtially,  an  intracellular  5'-aue^t.dase  'ni«s%v 

mechanism  to  maintain  energy  charge  dunng  “'"P/^  ^YoPUrom  Out¬ 

breaking  down  AMP,  such  an  enzyme  would  prevent  AMP  (and  ADP)  from  a^u 
Olating,  in  this  way  maintaining  AC  for  ATPase  reactions  and  preventing  such 
reactions  from  running  in  the  reverse  direcuon.  Because  adenosine  levels  would  already 
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be  elevated  during  periods  of  oxygen  deficit,  it  would  be  relatively  simple  for  a  hormonal 
role  for  adenosine  to  be  added  later  in  evolution. 

It  IS  not  yet  possible  to  outline  a  unified  role  for  extracellular  ATP.  However, 
several  hints  about  the  role  of  ATP  can  be  gleaned  from  existing  information  The 
first  source  of  extracellular  ATP  was  probably  cell  lysis  It  is  easy  to  imagine  that 
ATP  receptors  may  have  originally  evolved  in  one>celled  organisms  as  a  means  of 
chemotaxis  toward  potential  food  sources.  In  agreement  with  the  idea  that  pnmordial 
ATP  receptors  may  have  evolved  for  the  purpose  of  chemorcception,  crustaceans  can 
detect  adenine  nucleotides  in  the  surrounding  seawater  via  receptors  located  on  their 
antennae.^'  In  mammals,  ATP  derived  from  cell  lysis  may  mediate  some  of  the 
responses  to  injury.  Other,  more  sophisticated,  uses  for  ATP  may  have  evolved  op* 
portunistically.  For  instance,  ATP*“  may  have  been  stored  in  vesicles  as  a  counterion 
to  positively  charged  biogenic  amines,  later  evolving  into  a  cotransmitter  in  its  own 
nght.  The  rapidity  of  hydrolysis  of  extracellular  ATP  implies  that  its  role  may  be  to 
mediate  rapid,  phasic  responses.  For  instance,  stimulation  of  the  sympathetic  nerves 
in  the  rat  vas  deferens  results  in  a  rapid,  tramient  contraction  mediated  by  ATP, 
followed  by  a  sustained  contraction  that  is  mediated  by  norepinephrine.’^  Neuropeptide 
Y  may  mediate  an  even  slower  contractile  response  at  some  sympathetic  junctions. 
Based  on  the  considerations  cited  above,  one  is  tempted  to  speculate  that  the  overall 
role  of  ATP  may  be  to  mediate  a  rapid,  transient  response  to  injury 


WHAT  PHARMACOLOGICAL  TOOLS  ARE  AVAILABLE  FOR 
STUDIES  OF  ADENOSINE  RECEPTORS? 


Although  the  overall  role  of  adenosine  is  fairly  well  understood,  many  of  the  details 
remain  to  be  worked  out.  Phannacological  tools  such  as  selective  agonists,  antagonists, 
and  enzyme  inhibitors  will  be  essential  if  we  are  to  improve  our  understanding  of 
adenosine's  role  in  vim  In  addition,  these  tools  can  be  used  to  distinguish  the  roles 
and  actions  of  ATP  from  those  of  its  breakdown  product,  adenosine. 

Until  their  genes  are  cloned  and  sequenced,  adenosine  receptor  subtypes  will  need 
to  be  defined  by  structure-activity  relationships  Onginally,  A,  and  A,  receptors  were 
distinguished  on  the  basis  of  the  rank  order  of  potency  of  the  agonists  N^^{Ry 
(phcnylisopropyl)adcnosinc  (R-PIA)  and  5'*iV*ethyl.carboxamidoadcnosine  (NECA) 
(Fig.  2)  and  the  magnitude  of  the  difierence  in  affinity  between  the  R  and  S  diaster- 
comers  of  PIA.’”  Both  of  these  enteria.  however,  have  been  found  to  sometimes 
result  in  ambiguities  (for  a  discussion  »ee  reference  33).  Fortunately,  more  selective 
agonists  have  been  reported  in  recent  years  (Table  2).  CPA  (Fig  2)  is  the  most 
A, -selective  (780*fold)  agonist  wimmcrcially  available  at  present,’*  whereas  Ar*-((IR, 
25',45')*2-en^o-norbomyl]ddeno$ine  (5-ENBA)  and  its  5'*chloro  derivative  are  the 
most  selective  overall  (i6, 000-fold  m  the  case  of  the  latter).”  On  the  Aj  side,  PD 
125,944,  CGS  21577,  and  CGS  21680  are  the  first  highly  Aj-selective  (up  to  114- 
fold)  agonists  to  be  reported.”*”  CPA.  (5'>ENBA,  PD  125,944,  and  CGS  21577  all 
have  similar  physicochemical  properties  (charge,  partition  coefficient,  solubility), 
which  should  facilitate  comparisons  between  these  agents  in  vivo  Unlike  the  other 
selective  agonists,  all  of  which  are  uncharged,  CGS  21680  carries  a  negative  charge 
at  physiological  pH,  a  property  that  should  improve  solubility,  but  which  may  hinder 
comparisons  with  the  other  agonists. 
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FIGURE  2.  Structures  of  adenosine  agonists 


Research  on  adenosine  antagonists  has  proceeded  with  the  twin  goals  of  discovering 
$ubtype«selective  antagonists  and  identifying  potent  antagonists  that  retain  the  excellent 
in  VIVO  activity  of  theophylline,  the  first  adenosine  antagonist  to  be  reported”  The 
latter  goal  has  been  impeded  by  the  poor  solubility  of  many  denvatives  of  8*phen* 
yltheophylhne,  the  first  adenosine  antagonist  with  nanomolar  potency.  Recently,  it 
has  b^ome  apparent  that  an  important  prerequisite  for  m  v/vo  activity  of  adenosine 
antagonists  is  a  sufficiently  high  ratio  ( ^  1,000)  between  solubility  and  adenosine 
receptor  affinity  ”  One  strategy  for  achieving  such  a  ratio  has  been  to  add  a  charged 


TABLE  2.  Ai  and  Aj  Affinities  of  Adenosine  Agonists* 


Compound 

K,  Values  (nM) 

A, 

A, 

A, /A, 

5'-Chlor<KS-ENBA 

024 

3,900 

16,000 

5.ENBA 

030 

1,390 

4,700 

CPA 

059 

460 

780 

R.PIA 

1  17 

124 

106 

5-PlA 

49 

1,820 

37 

NECA 

63 

10  3 

1.64 

PD  125,944 

142 

4.4 

0031 

CGS  21577 

480 

97 

0  020 

CGS  21680 

1,710 

15 

00088 

'Structures  are  given  in  Figure  2  Affinities  were  determined  in  A|  and  Aj  binding  in  rat 
brain  membranes  as  described  Values  for  the  two  CGS  compounds  are  from  reference  37 
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TABLE  3.  Affinities  and  Solubilities  of  Adenosine  Antagonists* 


K,  or  Solubility  Volucs  (nM)  Ratios 


Compound 

A, 

A, 

Sol 

A, /A, 

Sol/A, 

Sol/Ai 

CPX 

046 

340 

17,100 

740 

37,000 

50 

CPT 

10.9 

1,440 

461,000 

133 

42,000 

320 

XAC 

0  86 

27 

90,000 

31 

105,000 

3,300 

PD  113,297 

36 

70 

945,000 

12.5 

169,000 

13,500 

CGS  13943 

3.9 

1.51 

1,740 

039 

450 

1,150 

HTQZ 

4,000 

124 

1,960 

0031 

065 

15.8 

*  Structures  are  given  in  Figure  3.  Affinities  were  determined  in  A,  and  A,  binding  in  rat 
brain  membranes  as  described.*^  Solubilities  were  determined  using  a  radioreceptor  assay.” 


side-chain  to  the  8-phenylxanthine  core,  for  instance  in  PD  113,297  and  xanthine 
amine  congener  (XAC)  (Table  3,  see  Fig.  3  for  structures).*'*'  PD  113,297  and 
XAC  are  potent  adenosine  antagonists  rn  vim  when  administered  by  the  intravenous 
or  intrapentoneal  routes,  but  apprar  to  have  poor  activity  when  given  orally.  Both 
compounds  are  peripherally  selective  adenosine  blockers  because  they  do  not  block 
behavioral  effects  of  adenosine  agonists  and  therefore  probably  do  not  cross  the 
blood-brain  barrier  (personal  communications  from  T.  G.  Heffner  (PD  1 13,297)  and 
K.  A.  Jacobson  (XAC)). 

A  different  strategy  has  provided  antagonists  that  are  active  In  vim  and  highly 
selective  for  the  A,  receptor  subtype.  Replacement  of  the  8-phenyl  moiety  with  cy¬ 
clopentyl,  as  illustrated  by  8-cyclopentyllheophylline  (CPT)  and  its  dipropyl  homo- 
logue,  CPX,  has  the  dual  effect  of  increasing  solubility  and  greatly  improving  A, 


Cl 


HTQZ  cos  1594} 

FIGURE  3.  Structures  of  adenosine  antagonists 
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affinity/^"*’  Both  compounds  show  Aj-sclective  adenosme  antagonism  in  CPT 
IS  orally  active  (CPX  has  not  yet  been  tested  for  ora!  activity).  Both  compounds  block 
behavioral  effects  of  A,  agonists,  indicating  that  they  cross  the  blood^bram  barrier. 

No  highly  Aj-selectivc  antagonists  arc  yet  available.  HTQZ  (Fig.  3),  the  most 
A2*selective  antagonist  to  be  reported,  has  a  poor  solubility /affinity  ratio  and  therefore 
IS  unlikely  to  prove  useful  as  a  pharmacological  tool.**  CGS  1S943  is  only  slightly 
selective  for  the  Aj  receptor,*^  but  has  a  better  solubility /affinity  ratio^  and  is  orally 
active 

Potent  and  selective  adenosine  antagonists  are  proving  to  be  very  useful  tools  for 
probing  the  roles  of  endogenous  adenosine  For  instance,  CPT  lacks  the  gross  loco* 
motor  stimulant  activity  seen  with  caffeine  and  theophylline,  implying  that  the  lo* 
comotor  stimulation  shown  by  the  latter  compounds  is  not  due  solely  to  A|  blockade.^* 
CPT,  however,  does  potentiate  self*stimulation  behavior,  a  more  subtle  indicator  of 
stimulant  or  antidepressant  activity.  CPT,  CPX,  and  8*phenylthcophylline  have  in* 
teresting  activity  in  the  kidney,  including  natriuretic  activity  and  protection  against 
acute  renal  failure.**’** 


FIGURE  4,  Enhancement  of  the  binding  of  ( *II)A'*>cycIohcayl3denosine  to  A,  receptors  in  rat 
bram  membranes  by  PD  81,723 


Recently,  several  2-amino*3*benzoylthiophcnes  have  been  reported  to  show  ap¬ 
parent  allostenc  enhancing  activity  at  the  A,  receptor  (Fic.  4).**  The  enhancement, 
which  IS  seen  in  a  functional  assay  as  well  as  in  binding,  appears  to  be  specific  for 
the  A,  receptor  because  binding  of  agonists  to  Aj  receptors  and  to  several  other 
receptors  was  not  enhanced.  The  compounds  available  to  date,  however,  are  limited 
in  their  potency,  solubility,  and  stability.  PD  81,723  appeals  to  have  the  best  overall 
profile,  and  may  be  worth  examination  as  a  potential  pharmacological  tool.  Improved 
adenosme  enhancers  may  be  useful  for  treatment  of  ischemia. 

Numerous  other  tools  for  adenosme  research  are  available  Adenosine  deaminase 
can  be  used  to  eliminate  endogenous  adenosine.  Conversely,  adenosme  deaminase 
inhibitors  such  as  2'-deoxycofonnycm  (pentostatm,  Parke-Davis)  and  erythro-lAxy- 
droxy*3*nonyladenine  (EHNA,  Durroughs-WcHcomc)  can  be  us^  to  potentiate  en¬ 
dogenous  adenosine  by  preventing  its  breakdown.  S-Iodolubercidm  inhibits  adenosme 
kinase,  the  other  major  adenosine*metabolizing  enzyme.  Potent  inhibitors  of  ecto-S'* 
nucleotidase  include  a,j3-methylene'ADP  (APCP)  and  thymidine  diphosphate 
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(dTDP).  Although  dTDP  is  not  as  potent  as  APCP,  it  should  be  helpful  in  cases 
where  the  ATP  receptor  activity  of  the  latter  precludes  its  use.  (The  a,j8*mcthylene 
derivative  of  dTDP  or  rTDP  would  be  even  more  useful  if  commercially  available.) 
No  potent  inhibitors  of  the  intracellular  S'-nucleotidase  that  produces  adenosine  have 
been  reported,  although  5'-isobutylthioadcnosine  is  reported  to  show  weak  inhibition 
of  the  enzyme  ’  Adenosine  enters  and  leaves  cells  by  a  facilitated  diffusion  transporter 
than  can  be  blocked  by  6«(4«nitrobenzylthio)ino$ine,  dipyndamole,  and  dilazep. 

Efforts  to  find  pharmacological  tools  for  the  study  of  extracellular  ATP  arc  mainly 
in  the  pioneering  stages  Several  selective  ATP  receptor  agonists  have  been  reported, 
including  /S.'y-mcthylcne-L'ATP  (specific  for  the  Pjx  receptor)  and  /5-fluoro*ADP 
(specific  for  the  Pjy  receptor).’®  As  was  the  case  for  adenosine,  the  discovery  of 
selective  antagonists  has  lagged  behind  the  discovery  of  selective  agonists.  Arylazido 
aminopropionyl  adenosine  triphosphate  ( ANAPP,)  is  a  relatively  specific  photoaffinity 
antagonist  of  ATP  responses.”  Its  blocking  activity,  however,  depends  on  photolysis, 
thus  precluding  its  use  in  vivo  In  the  absence  of  photolysis,  ANAPP,  is  an  agonist. 
Other  putative  ATP  antagonists  such  as  reactive  blue  2  and  suramin  are  weak  and 
nonspecific,  although  some  of  these  compounds  may  represent  chemical  leads  for 
development  of  improved  blockers  Efforts  to  identify  specific  inhibitors  of  ecto-ATP* 
ases  arc  continuing  Inhibitors  of  vesicular  ATP  storage  would  be  very  interesting 
pharmacological  tools  The  next  ten  years  should  bring  many  exciting  developments 
in  the  pharmacology  of  extracellular  ATP. 


CAN  ADENINE  NUCLEOTIDES  DIRECTLY  ACTIVATE  THE 
ADENOSINE  RECEPTOR? 


An  area  of  continuing  controversy  for  adenosine  research  is  the  question  of  whether 
adenine  nucleotides  can  activate  the  adenosine  receptor  directly  or  whether  they  must 
first  be  converted  to  adenosine  by  ectonucleotidascs.  In  many  tissues,  adenine  nu¬ 
cleotides  elicit  responses  that  are  blocked  by  theophylline  and  are  qualitatively  the 
same  as  responses  to  adenosine  in  such  characteristics  as  time  course  and  second 
messenger  involvement.  These  responses  are  clearly  mediated  by  adenosine  receptors, 
yet  in  the  last  fifteen  years  repeated  claims  and  counterclaims  have  been  put  forward 
with  respect  to  whether  adenine  nucleotides  act  directly,  or  only  indirectly  via  me¬ 
tabolism  to  adenosine.  My  own  position  for  the  last  decade  or  so  has  favored  the 
latter  interpretation,  and  this  section  summanzes  the  case  against  direct  action 

In  VAIS  human  fibroblasts,  adenosine  causes  a  large  increase  m  cyclic  AMP 
accumulation.  The  response  to  AMP  has  an  almost  identical  time  course  to  that  of 
adenosine,  whereas  ADP  and  ATP  cause  smaller,  mere  slowly  accumulating  responses 
(Fig.  5).”  Only  about  15%  of  AMP  is  converted  to  adenosine  dunng  the  course  of 
a  2-min  incubation,  an  amount  that  is  insufficient  to  account  for  the  response  to  10 
;iM  AMP.  On  the  basis  of  similar  observations,  other  investigators  had  previously 
concluded  that  AMP  acted  directly  ”  This  argument,  however,  assumes  that  the 
concentration  of  adenosine  in  the  bulk  medium  is  equivalent  to  its  concentration  at 
the  receptor.  On  closer  investigation  (see  below),  the  validity  of  this  assumption 
appears  to  be  questionable 

Tlie  first  argument  against  direct  action  is  based  on  structure-activity  relationships 
The  5'-domain  of  the  adenosine  receptor  has  limited  bulk  tolerance  and  does  not 
accept  charged  groups  (for  instance,  adenosine  5'-uronic  acid  is  completely  inactive)” 
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FIGURE  5.  Time  course  of  cyclic 
AMP  increases  in  response  to  aden¬ 
osine  and  adenine  nucleotides  in 
VA13  human  fibroblasts.  Taken 
with  permission  from  reference  52. 


TIME  (mm) 


It  seems  unlikely  that  a  bulky,  negatively  charged  phosphate  group  would  be  tolerated 
at  this  position.  In  agreement  with  this  assessment,  the  hydrolysis-resistant  nucleotides 
a,/J*methylcnc-ADP  ( APCP)  and  6'-deoxyhomoadcnosme  6'*phosphon!c  acid  (ACP) 
were  inactive  in  VA13  cells.  (ACP  was  previously  shown  to  be  inactive  in  the  guinea 
pig  taenia  coli.”) 

Other  experiments  in  VAI3  cells  also  reveal  a  requirement  for  conversion  of  AMP 
to  adenosine  pnor  to  activation  of  the  adenosine  receptor  Several  inhibitors  of  S'> 
nucleotidase  blocked  the  response  to  AMP,  but  not  the  response  to  adenosine  There 
was  an  excellent  correlation  between  inhibition  of  AMP  breakdown  and  inhibition  of 
the  response  to  AMP  (Fig.  6).  In  addition,  adenosine  deaminase  blocked  the  response 


$ 
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FIGURE  6.  Correlation  between  inhi-  c 
bition  of  5'-nucleotidase  and  blockade  of  o 

lheresponsctoAMPinVA13  cells  The  i 

increase  in  cyclic  AMP  in  response  to  « 
10  ^M  AMP  IS  expressed  as  a  percentage  o 
of  the  response  to  10  ^M  adenosine.  6 
Each  point  represents  a  single  concen-  ^ 
tration  of  a  5'-nucleotida$c  inhibitor,  12  z 
compounds  were  tested  The  open  circle  2 
represents  AMP  alone  (with  standard  iS 
errors)  Reproduced  from  reference  52 
with  r<rmission.  2 
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to  AMP,  as  well  as  the  response  to  adenosine  Because  AMP  is  not  a  substrate  for 
adenosine  deaminase,  these  results  imply  that  AMP  must  have  been  converted  to 
adenosine  prior  to  activating  the  receptor. 

Interestingly,  in  the  adenosine  deaminase  experiment  described  above,  3-10  times 
more  enzyme  was  required  to  blof'k  the  AMP  response  than  the  adenosine  response 
This  suggests  that  the  time  interval  between  conversion  of  AMP  to  adenosine  and 
activation  of  the  adenosine  receptor  may  have  been  very  short.  This  in  turn  suggests 
an  explanation  for  the  lack  of  accumulation  in  the  bulk  medium,  if  adenosine  is 
generated  in  close  proximity  to  the  receptor,  the  C()ncentration  of  adenosine  at  the 
receptor  could  be  high  even  though  little  adenosine  might  be  seen  in  the  bulk  medium. 
This  localized  conversion  hypothesis  is  illustrated  in  Figure  7.  A  simple  mathematical 
model  (see  bottom  of  Fig.  7)  indicates  that,  in  a  volume  that  is  restricted  by  a 
bottleneck,  the  localized  adenosine  concentration  will  approach  the  concentration  of 
AMP  in  the  bulk  medium  if  the  rate  of  AMP  hydrolysis  exceeds  the  rate  of  diffusion 
through  the  bottleneck.  Local  conversion  could  occur  in  mlcrovaginations,  in  endo- 
cytotic  vesicles,  or  in  the  area  underneath  the  cell. 


(•«»  (n$W«}  ■(AMP  ovtM*  n  Hr(H  *  0) 

H  ■  r«t*  of  hy^ohrU*  ol  AMP 
0  ■  (•(«  of  ditfvUon  througf)  tho  bettlonock 

FIGURE  7.  Local  conversion  of  AMP  to  adenosine. 


Experiments  with  cell  lines  expressing  different  levels  of  ^'-nucleotidase  confirm 
the  importance  of  local  conversion  (Table  4).  In  the  neuro-2a  cel)  line,  as  little  as 
0.5%  conversion  of  AMP  to  adenosine  is  sufficient  for  a  detectable  response  to  AMP, 
whereas  other  cell  lines  with  even  lower  S'-nucIeotidase  activity  do  not  respond  to 
AMP. 

The  above  data  indicate  that  local  conversion  can  explain  the  activation  of  aden¬ 
osine  receptors  by  AMP  and  other  adenine  nucleotides,  at  least  in  VA)3  cells.  It 
sh'^uld  be  noted  that  intact  tissue  preparations  such  as  brain  slices  and  smooth  muscle 
strips  have  an  even  greater  potential  for  localized  conversion  because  of  the  intricate, 
narrow  passages  through  extracellular  space  that  must  be  negotiated  by  a  molecule 
in  diffusing  from  the  outside  medium  to  the  receptor  site.  Direct  metabolic  evidence 
for  localized  conversion  of  extracellular  adenine  nucleotides  was  recently  reported  m 
arterial  smooth  muscle  cells  ^ 

The  specificity  of  adenosine  receptors  for  adenosine  (and  not  for  adenine  nucleo¬ 
tides)  prompts  a  similar  question  with  regard  to  ATP  receptors'  When  two  nucleotides 
both  activate  the  same  ATP  receptor,  is  the  activity  of  one  nucleotide  due  to  conversion 
to  the  other?  For  instance,  ADP  and  ATP  are  equally  active  at  some  ATP  receptors 
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Is  the  activity  of  ATP  due  to  breakdown  to  ADP?  Unlike  the  situation  that  obtains 
at  adenosine  receptors,  it  appears  that  both  nucl^tides  act  directly  at  Pjy  receptors 
because  hydrolysis-resistant  analogues  such  as  ATP-y-S  are  active  ”  In  C6  glioma 
cells,  however,  ADP  and  ATP  both  inhibit  cyclic  AMP  accumulation,  but  the  activity 
of  ATP  is  due  to  its  conversion  to  ADP.” 


CONCLUSIONS 


The  role  of  adenosine  in  energy  supply-demand  balance  is  becoming  increasingly 
well  understood,  in  part  because  of  the  availability  of  selective  pharmacological  tools 
to  study  adenosine  production  and  responses  Similar  progress  in  the  understanding 
of  the  role  of  extracellular  ATP  should  follov  as  the  physiology  and  pharmacology 
of  ATP  are  explored  over  the  next  decade. 


TABLE  4  Conversion  of  AMP  to  Adenosine  and  Increase  in  Cyclic  AMP  in 


Response  to  AMP  in  Various  Cell  Lines 


Cell  Line 

Percentage  of  AMP 

Converted  to  Adenosine 

Increase  in  cAMP 
in  Response  to  AMP* 

1321N1 

26 

90* 

WI.38 

24 

73* 

VA13 

15 

58* 

D35 

06$ 

72* 

B65 

068 

30 

Neuro*2a 

048 

31* 

L6 

0179 

2.5 

Btl 

0076 

1  8 

BMl 

0038 

-18 

Note  These  data  are  from  reference  52 

“  The  response  to  10  pM  AMP  is  expressed  asa  percentage  of  the  response  to  10  adenosine 
"p  <  .05  (10  AMP  versus  bawl,  onc-sid^  /  test) 
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DISCUSSION  OF  THE  PAPER 


T  D.  White  {palhousie  University,  Halifax,  Nova  Scotia,  Canada)  Inhibition  of 
adenosine  receptors  by  drugs  such  as  caffeine  and  theophylline  stimulates  the  CNS 
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even  under  apparently  normal  circumstances.  I  think  this  indicates  that  endogenous 
adenosine  exerts  tonic  inhibitory  effects  in  the  CNS  under  normal  circumstances,  not 
just  under  pathological  conditions  of  excessive  neural  activity  in  the  CNS. 

Bruns:  I  agree  that  adenosine  is  involved  in  normal  physiological  regulation  as 
well  as  in  pathological  circumstances.  For  instance,  specific  adenosine  antagonists 
have  significant  effects  in  normal  animals  Fortunately,  adenosine  is  not  the  only 
modulator  of  oxygen  supply/demand  balance.  Otherwise,  a  cup  of  coffee  might  be 
fatal' 

E  Rapaport  (Boston  University  School  of  Medicine,  Boston,  MA):  I  would  like 
to  comment  with  regard  to  the  removal  of  adenosine  .^om  the  vascular  bed.  Because 
the  for  adenosine  kinase  is  in  the  vicmity  of  10"*  M,  and  because  the  for 
adenosine  deaminase  is  in  the  vicinity  of  10'*  M,  amounts  of  1-2  fiM  of  adenosine 
will  be  more  than  95%  phosphorylat^  after  their  transport  into  red  blood  cells  Only 
levels  of  intraluminal  adenosine  of  more  than  10  /iM  will  be  mostly  deammated. 
Therefore,  red  blood  cells  effectively  remove  intraluminal  adenosine  as  well  as  release 
low  levels  of  ATP  into  the  extracellular  plasma  compartment. 

Bruns:  Most  metabolic  studies  indicate  that  phosphorylation  is  the  primary  path¬ 
way  for  recycling  low  concentrations  of  adenosine,  and  that  deamination  is  more  of 
a  backup  pathway  for  dealing  with  high  adenosine  concentrations 

M.  Williams  (Abbott  Laboratories,  Abbott  Park,  IL)'  In  regard  to  the  effects  of 
adenosine  on  remn  release  lying  outside  your  hypothesis  of  an  energy-consuming  role, 
Dr.  Mark  Miller,  of  Tulane  University,  has  data  showing  that  increased  remn  release 
following  adenosine  release  is  an  indirect  response  to  decreases  in  blood  pressure 

J,  Barankewicz  (Gensia  Pharmaceuticals.  San  Diego,  CA)’.  I  would  be  very 
cautious  about  saying  that  adenosine  is  produced  intracellularly,  b^use  m  many  cells 
and  tissues  intracellular  ATP  degradation  m  vitro  proceeds  mainly  via  AMP  deami¬ 
nation.  Even  in  induced  conditions,  when  ATP  degradation  is  accelerated,  no  or  very 
little  adenosine  is  released.  It  is  quite  possible  that  the  major  source  of  extracellular 
adenosine  is  extracellular  ATP. 

Bruns  Although  more  intracellular  AMP  may  be  broken  down  to  IMP  than 
adenosine,  the  amount  of  adenosine  produced  intracellularly  dunng  exercise  or  hypoxia 
is  still  sufficient  to  cause  responses  such  as  coronary  vasodilation  Nucleoside  transport 
inhibitors  cause  large  accumulations  of  intracellular  adenosine  during  hypoxia. 


PART  III.  ADENINE  NUCLEOTIDE  RECEPTORS;  TRANSMEMBRANE 
SIGNALING  MECHANISMS 


Activation  of  Inositol  Phospholipid- 
Specific  Phospholipase  C  by 
Pj-Purinergic  Receptors  in  Human 
Phagocytic  Leukocytes 

Role  of  Pertussis  Toxin-Sensitive  G  Proteins" 
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Cleveland.  Ohio  44106 


INTRODUCTION 


In  many  cell  types,  the  functional  efTects  elicited  by  exposure  to  extracellular  ATP 
on  cell  function  can  be  correlated  with  a  rapid  ATP-induced  mobilisation  of  intra¬ 
cellular  stores  Consistent  with  this  Ca**-mobilizing  action,  extracellular  ATP 
(along  with  other  nucleotides)  has  been  shown  to  trigger  rapid  activation  of  inositol 
phospholipid  hydrolysis  in  several  cell  types.***  Thus,  certain  subtypes  of  Pj-punncrgic 
receptors  belong  to  the  superfamily  of  cell  surface  receptors  that  are  functionally 
coupled  to  inositol  phospholipid-specific  phospholijase  C  (Pl-PLC)  effector  enzymes 
Similar  to  the  other  receptor  types  that  belong  to  this  superfamily,  P,-punncrgic 
receptors  appear  to  indirectly  activate  PI-PLC  effector  enzymes  via  the  mediation  of 
GTP-binding  regulatory  proteins  (G  proteins)  Two  bodies  of  evidence  support  this 
latter  hypothesis.  First,  the  ability  of  Pjy-punnergic  agonists  to  activate  PI-PLC  in 
membranes  isolated  from  turkey  erythrocytes  is  stnctly  dependent  on  the  presence  of 
GTP  or  GTP-y-S  *  Second,  m  some  (but  not  all)  cell  types,  the  ability  of  Pj-punneigic 
agonists  to  elicit  inositol  polyphosphate  accumulation  is  inhibited  or  attenuated  upon 
pretreatment  of  the  cells  with  pertussis  toxin.^'*’ 

Fairly  extensive  agonist  selectivity  studies  have  been  performed  m  a  number  of 
cell  systems  in  order  to  define  the  ATP  receptor  subtype(s)  involved  in  the  activation 
of  this  particular  transmembrane  signaling  pathway.  Such  studies  suggest  that  Pj* 

°This  work  was  supported  in  part  by  Grant  GM-36387  from  the  National  Institutes  of  Heiilth 
G  R  D  IS  an  Established  Investigator  oftheAmencan  Heart  Association  DSC  isarecipieni 
of  a  Medical  Scientist  Training  Program  Award 

*To  whom  ail  correspondence  and  repnnt  requests  should  be  addressed  Department  of 
Physiology  and  Biophysics,  School  of  Medicine,  Case  Western  Reserve  Univcrsiiy,  Cleveland, 
Ohio  44106 
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punnergic  activation  of  PI-PLC/Ca*^  mobilization  in  various  cell  types  can  be  sub- 
categorized  into  either  of  two  broad  nucleotide  selectivity  groups.  In  rat  hepatocytes'-^ 
bovine  endothelial  cells,’  and  turkey  erythrocytes,*’  ADP  is  cquipotent  to  ATP.  In 
these  cells,  non-adenine  nucleotides  are  generally  inactive  or  much  less  potent  than 
ATP/ADP.  Cooper  et  al,^  after  studying  radioligand  (I”S)ADP-j3-S)  binding  in 
turkey  ei^throcyte  membranes,  presented  results  consistent  with  a  Piy^purinergic 
receptor  subtype.  Conversely,  in  cultured  rat  aortic  smooth  muscle  cells  *  HL-60  cells, ^ 
human  neutrophils/monocytes,*®  and  Ehrlich  tumor  cells,*  ADP  is  several  orders  of 
magnitude  less  potent  than  ATP.  Furthermore,  these  latter  cell  types  can  be  activated 
by  relatively  low  concentrations  of  certain  non-adenme  nucleotide  triphosphates.  In 
particular,  UTP  has  been  shown  to  be  either  equipotent  to,  or  more  potent  than,  ATP 
in  such  cells.  These  various  functional  studies  suggest  that  there  are  multiple  ATP 
receptor  subtypes,  and  that  these  subtypes  are  functionally  coupled  to  the  PI-PLC 
transmembrane  signaling  system.  The  delineation  of  raptor  subtype($)  is  compli¬ 
cated,  however,  by  the  considerable  likelihood  that  multiple  types  of  G  proteins  and 
multiple  PI-PLC  isozymes  are  involved  in  the  activation  of  inositol  phospholipid 
hydrolysis  by  Pj-purinergic  agonists.  As  is  true  for  most  biological  actions  of  extra¬ 
cellular  ATP,  dehnitive  characterization  of  the  particular  P^-purinergic  receptor  sub- 
types(s)  coupled  to  PI-PLC  awaits  the  development  of  selective  antagonists  suitable 
for  both  functional  and  ligand-binding  studies. 

Our  approach  to  the  study  of  P, -punnergic  receptors  coupled  to  PI-PLC  has  been 
to  utilize  cell  types  that  fulfill  the  following  entena:  I)  The  cell  type  should  be  easily 
obtained  in  highly  homogenous  populations  and  in  large  numbers  (10*  cells).  2)  The 
cell  type  should  be  well  charactenzed  as  to  the  expression  of  other  (nonpunnergic) 
PI-PLC-coupIed  receptors  that  can  be  readily  assayed  by  conventional  ligaiid-bmdmg 
methods  3)  The  cell  type  should  be  equally  well  charactenzed  as  to  the  expression 
of  particular  G  protein  subtypes  and  PI-PLC  isozymes.  With  regard  to  these  points, 
we  have  found  the  HL-60  human  promyelocytic  leukemia  cell  line  to  be  a  particularly 
useful  model  system.  This  easily  cultur^  ceil  line  has  been  extensively  used  as  a  model 
of  human  neutrophil/monocyte  development  and  function.  More  germane  to  our 
purposes  is  the  fact  that  the  HL-60  cell  line  has  been  successfully  employed  in  the 
study  of  PI-PLC  activation  by  formylated  chemotactic  peptide  receptors"'*’  as  well 
as  in  studies  of  G  protein  expression/function'**’ 


EXPRESSION  OF  MOBILIZING  ATP  RECEPTORS  DURING 
DIFFERENTIATION  OF  HUMAN  PHAGOCYTIC  LEUKOCYTES 


Table  1  summanzes  our  observations  regarding  the  ability  of  extracellular  ATP 
to  tngger  changes  m  cytosolic  [Ca*’’  ]  in  a  broad  range  of  normal  and  leukemic  human 
leukocytes,  leukocyte  progenitor  cells,  and  established  human  white  blood  cell  lines. 
As  demonstrated  by  our  studies  and  by  other  investigators, micromolar  concen¬ 
trations  of  extracellular  ATP  tngger  significant  increases  in  the  cytosolic  (Ca**)  of 
neutrophils  and  monocytes.  In  both  cell  types,  Ca**  transients  induced  by  ATP  are 
equal  in  magnitude  to  those  elicited  by  supramaximal  concentrations  of  fMet-Lcn- 
Phe  (FMLP)  (30  /iM),  platelet  activating  factor  (90  nM)  (not  shown),  and  leukotriene 
B4(300  nM)  (not  shown).  In  contrast,  normal  human  lymphocytes  are  totally  un¬ 
responsive  to  either  extracellular  ATP  or  FMLP.  Similar  studi&i  have  been  performed 
with  total  mononuclear  cell  fractions  isolated  from  the  bone  marrow  of  normal  donors 


iK  &  COWEN:  PERTUSSIS  TOXIN  EFFECTS 


229 


230 


ANNALS  NEW  YORK  ACADEMY  OF  SOENCES 


and  from  the  marrow  of  nonleukemtc  patients  undergoing  autologous  bone  marrow 
transplantation.  Such  marrow  mononuclear  cell  preparations  consist  of  lymphocytes, 
monocytes,  crythroid  precursors,  lymphocyte  precursors,  monocyte  precursors,  and 
those  neutrophil  precursors  that  are  less  mature  than  band  neutrophils.  Flow  cyto¬ 
metric  measurements  of  the  cytosolic  [Ca**l  in  single  cells  revealed  that  the  percentage 
of  ATP*responsive  cells  in  these  marrow-denved  populations  was  greater  than  the 
percentage  of  FMLP-rcsponsive  cells.  These  results  suggested  the  presence  in  bone 
marrow  of  leukocyte  precursor  cells  that  could  be  stimulated  by  ATP  but  not  by 
FMLP. 

In  order  to  determine  which  types  of  hemopoietic  progenitor  cells  expressed  this 
Ca*^-mobilizing  response  to  ATP,  a  number  of  established  human  leukocyte  cell  lines 
were  examined.  HL-60  promyelocytes  and  U937  promonocytes  exhibited  large  ATP- 
induced  Ca**  transients  in  contrast  to  only  minor  responses  to  FMLP  (Fics  1C  & 
ID)  Flow  cytometric  studies  have  demonstrated  that  >90%  of  undifferentiated  HL- 
60  and  U937  cells  express  these  Ca^^-mobilizing  ATP  receptors.  After  differentiation 
along  the  neutrophil/granulocytc  pathway,  HL-bO  cells  responded  to  both  ATP  and 
FMLP  w'th  equivalent  large  increases  in  (Ca**)  (Fig  IF).  In  contrast  to  these  effects 
of  ATP  in  HL-60  and  U937  cells,  cells  from  the  less  mature  KG-1  myeloblastic  line 
(Fig.  IB)  exhibited  only  a  small,  2-fold  mean  increase  in  cytosolic  [Ca**]  upon 
stimulation  with  100  fiM  ATP;  these  cells  were  completely  unresponsive  to  30  ^M 
FMLP.  Because  KG*i  cells  did  contain  targe  intracellular  stores  (which  could 
be  released  by  theCa**  ionophorc  lonomycin),  the  modest  Ca*"^  mobilization  triggered 
by  ATP  suggested  1 )  that  most  cells  responded  to  ATP  by  mobilizing  only  a  small 
fraction  of  their  lonomycin-releasable  Ca**  stores,  and/or  2)  that  only  a  minor 
subpopulation  of  the  cells  were  responsive  to  ATP.  In  fact,  flow  cytometnc  mea¬ 
surements  revealed  that  only  20  ±  \%{N  ^  3)  of  KG-I  cells  responded  to  100  ^M 
ATP,  and  that  the  increases  in  cytosolic  {Ca**)  induced  in  these  cells  was  small.  The 
less  mature  KG-IA  cell  line  (a  variant  of  the  KG-I  cell  line)*’  was  almost  completely 
unresponsive  to  100  pm  ATP  (as  was  observed  with  KG-1  cells,  these  KG-IA  cells 
were  also  unresponsive  to  30  pM  FMLP).  This  suggests  perhaps  only  a  subpopulation 
of  KG- 1  cells,  slightly  more  mature  than  the  majority  of  cells  in  culture,  had  acquired 
responsiveness  to  ATP.  Significantly,  mobilization  in  response  to  stimulation  with 
ATP  was  restneted  to  human  leukemic  cell  lines  exhibiting  the  phenotype  of  neutro¬ 
phil/monocyte  precursors.  Cells  from  the  K562  erythroblastic  leukemia  line  (not 
shown),  the  Molt-4  T  cell  lymphoblastic  leukemia  line  (Fig.  IE),  and  the  HuT-78  T 
cell  lymphoma  line  (not  shown)  were  completely  unresponsive  to  ATP  (and  FMLP) 


NUCLEOTIDE  SELECTIVITY  OF  THE  PHOSPHOLIPASE 
C-COUPLED  P,-PURINERGIC  RECEPTOR  EXPRESSED  BY 
HUMAN  PHAGOCYTIC  LEUKOCYTES 


The  stereoselectivity  of  the  ATP  effects  on  Ca**  mobilization  in  HL-60  cells  was 
also  examined;  these  results  are  summanzed  in  Table  2.  ATP  was  the  most  potent 
of  all  tested  adenine  nucleotides/nucleosides.  The  EQofor  ADP  action  was  10  jtM, 
whereas  AMP  and  adenosine  produced  no  significant  Ca*^  mobilization  at  concen¬ 
trations  up  to  300  jtM.  Modification  of  the  tnphosphate  moiety  greatly  affected 
potency  The  bridging  oxygen  between  the  /S  and  y  phosphates  appears  cntical  because 
the  nonhydrolyzable  analogue,  ^,y-mcthylene-ATP,  was  much  less  potent— a  con- 
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TABLE  1  Relative  Effects  of  Various  Nucleotides  on  Ca*^  Mobilization 
in  HL.60  Cells' 


Nucleotide 


EC^  for  Ca**  Mobilization 
(M) 


Adenine  Nucleotides 


ATP 

1  5  X  10-’ 

ADP 

1  X  I0-’ 

AMP 

>3  X  10- 

Adenosine 

>3  X  10- 

ATP  Analogues 

ATP.y.S 

1  X  10- 

AMP-PCP* 

>  1  X  10-’ 

Punne  Nucleotide  Tnphosphates 

ITP 

2  X  10- 

XTP 

2  X  10- 

GTP 

3  X  10- 

Pynmidme  Nucleotide  Triphosphates 

UTP 

3  X  10- 

CTP 

5  X  I0-’ 

TTP 

8  X  10- 

'The  cytosolic  (Ca^*)  in  fura  2*loaded  samples  of  undiferentiated  HL>60  cells  was  measured 
at  37 'C  Separate  aliquots  of  cells  were  exposed  to  various  concentrations  of  the  indicated 
nucleotides  and  the  resultant  Ca**  transients  were  recorded  as  illustrated  in  Figurb  1.  The 
peak  changes  in  cytosolic  (Ca^*  ]  were  calculated  from  these  transients  and  plotted  as  a  function 
of  extracellular  nucleotide  concentration  as  illustrated  m  PiGUfie  2;  the  ECw  values  were  esti* 
mated  from  these  dose^response  curves  For  each  nucleotide  class,  the  listed  ECjo  values  were 
obtained  from  the  data  collected  from  a  single  preparation  of  cells,  that  is,  the  adenine  nucleotide 
data  were  obtained  with  one  cell  preparation,  and  (be  punne  nucleotide  data  were  obtained  with 
a  separate  cell  preparation  For  each  nucleotide,  however,  similar  ECw  values  (within  a  factor 
ol  2)  were  obtained  in  least  three  separate  expenments  performed  over  a  12'monlh  interval 
‘AMP.PCP  /J.y.melhylene-ATP. 


centration  as  high  as  I  mM  produced  less  than  a  2-fo!d  change  in  (Ca*' ).  Conversely, 
another  poorly  hydrolyzable  analogue,  ATP*y*S  (characterized  by  thio*substitution 
of  a  nonbndging  oxygen  on  the  terminal  phosphate),  was  only  slightly  less  potent 
than  ATP.  As  might  be  expected,  potency  was  significantly  affected  by  substitution 
of  the  adenine  moiety.  Of  the  other  nonadenine  purine  nucleotide  tnphosphates  tested, 
ITP  (ECm  =  2  fiM)  was  the  most  potent,  whereas  GTP  and  XTP  were  at  least  1(X) 
limes  less  potent  that  ATP.  The  pynmidmc  tnphosphates,  CTP  and  TTP,  were  also 
much  less  potent,  having  ECjo  values  in  the  30- ICO  region.  Significantly,  UTP 
was  nearly  equipotent  with  ATP  (EC»  —  300  nM) 

This  basic  rank  order  of  potency  was  also  observed  when  inositol  trisphosphate 
(IP,)  accumulation,  rather  than  Ca**  mobilization,  was  the  measured  parameter. 
Stimulation  of  undifferentiated  HL-60  cells  with  ATP  evoked  maximal  5-fo!d  increases 
in  IP,  levels  within  15  sec  (Fic  2).  Significantly,  treatment  of  these  cells  with  UTP 
or  ATP-y-S  tnggered  a  maximal  increase  in  IP, identical  to  that  achieved  with  ATP 
Although  the  potencies  of  ATP  and  UTP  were  equal  (EQo  =  2  /zM),  ATP-y*S  was 
less  potent  (ECjo  "  20  fiM)  All  three  nucleotides  also  elicited  >  10-fold  maximal 
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incieases  in  IP,  within  15  sec  (data  not  shown).  In  contrast  to  the  effects  observed 
with  extracellular  adenine  nucleotides  and  UTP,  treatment  of  intact  HL>60  cells  with 
equivalent  concentrations  of  guanine  nucleotide  tnphosphates  (both  GTP  and  the 
poorly  hydrolyzable  analogue,  GTP-y-S)  induced  much  smaller  increases  m  IP,  ac¬ 
cumulation.  Even  at  concentrations  as  high  as  100  ^M,  these  guanine  nucleotides 
were  only  half  as  efficacious  as  ATP,  ATP-y-S,  or  UTP.  Moreover,  at  concentrations 
below  10  p.M,  neither  guanine  nucleotide  elicited  significant  activation  of  inositol 
phospholipid  breakdown. 


EFFECTS  OF  PERTUSSIS  TOXIN  TREATMENT  ON 
Pa-PURINERGIC-  VERSUS  FMLP-STIMULATED  INOSITOL 
POLYPHOSPHATE  FORMATION  IN  INTACT  HL.60  CELLS 


Given  the  ability  of  pertussis  toxin  to  substantially  inhibit  FMLP  receptor-acti¬ 
vated.  GTP-dependent  inositol  phospholipid  breakdown  in  neutrophils  and  differen- 


CNucteotide  X  HogM 


•  GTP 

A  OTPfS 

•  UTP 


<  ♦aO^M  UTP  ) 


/ 

.// 


CNuc'eotido),  -log  M 


FIGURE  2.  Oos«-response  relationships  comparing  the  effects  of  vanous  nucleotide  tnphos¬ 
phates  on  IP, accumulation  m  intact,  undifferentiated  HL-60  cells.  Undifferentiated  HL-60  cells 
labeled  with  ( ’H]myoinositol  ( t  -2  pO/ml)  were  incubated  at  37  *C  in  0  2*ml  aliquots  containing 
t  X  10*  cells  Individual  aliquots  were  treated  with  the  indicated  concentrations  of  extracellular 
nucleotide  for  15  Samples  were  prepared  for  analysis  of  (’Hlmositol  tnsphosphate  (IP,) 
accumulation  as  desenbed  in  reference  9  Data  (expressed  as  ’H  dpm/ 106  cells/ 15  sec)  represent 
the  average  of  duplicate  determmations  from  stn^e  expenments  Data  in  panels  A  and  B  v,ck 
obtained  using  different  cell  preparations.  Dotted  lines  denote  the  maximal  rates  of  IP,  accu¬ 
mulation  (as  tnggeml  by  30  pM  UTP)  for  each  cell  preparation  Each  illustrated  dose-response 
relationship  is  representative  of  data  obtained  in  two  or  three  similar  expenments  (A)  Effects 
of  ATP  (•),  ATP-y-S  (A),  or  UTP  (■)  (B)  Effects  of  GTP  (•).  GTP-y-S  (A),  or  UTP 
(8) 
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tiated  HL-60  cells, "  considerable  attention  has  focused  on  the  role  of  pertussis 
toxin-sensitive  G  proteins  in  activating  inositol  phospholipid  breakdown  in  these  and 
other  cell  types.  Polakis  et  al  have  reported  that  the  FMLP  receptor  copunfies  with 
a  40-kDa  GTP>binding  protein  that  is  the  major  pertussis  toxin  substrate  in  neutrophils 
and  H1^60  cells  Recent  immunochemtcai  and  molecular  cloning  studies  from  several 
laboratories  have  identified  this  protein  as  the  G^-subtype  from  the  G,superfamily  of 
regulatory  proteins  Despite  the  large  amount  of  evidence  indicating  that  FMLP 
receptors  are  coupled  to  G^.  important  questions  concerning  the  role  of  Ga(or  other 
pertussis  toxin-sensitive  G  proteins)  in  the  regulation  of  GTP>dependent  inositol 
phospholipid  breakdown  remain  unresolved.  The  mechani$m(s)  whereby  pertussis 
toxin  interferes  with  agonist-induced  activation  of  the  phospholipase  is  only  partially 
understood.  Although  pertussis  toxin  treatment  is  known  to  uncouple  G,2/FMLP 
receptor  interaction  significantly/*  it  remains  to  be  determined  whether  the  interaction 
of  the  ADP*nbosyIated  G  protein  with  the  phospholipase  effector  (or  some  inter¬ 
mediary  protein)  is  also  inhibited  or  attenuated.  Moreover,  it  has  not  been  ascertained 
whether  toxin-insensitive  G  proteins  may  also  activate  inositol  phospholipid  hydrolysis 
in  neutrophils  and  other  cells  that  exhibit  pertussis  toxin-sensitive  receptor- 
phospholipase  C  coupling. 

Tlie  activation  of  both  inositol  polyphosphate  accumulation  and  Ca*^  mobilization 
by  Pj-purinergic  agonists  is  significantly,  but  not  completely,  inhibited  in  undiffer¬ 
entiate  and  differentiated  HL*60  cells  pretreated  with  pertussis  toxin.  This  contrasts 
with  the  near-total  inhibition  of  FMLP-stimulated  phospholipase  C  activity  and  Ca*^ 
mobilization  measured  in  the  same  pertussis  toxin-treated  cells.  As  shown  in  Figure 
3,  maximally  activating  concentrations  of  DTP  or  FMLP  were  equally  efficacious  in 
stimulating  rapid  accumulation  of  IP)(4-fold  increases  within  IS  sec)  and  Ip2(6-fold 
increases  in  IS  sec)  in  intact  HL-60  granulocytes.  The  ECwfor  UTP  stimulation  was 
about  3  ^M,  whereas  that  for  FMLP  was  30  nM  Treatment  of  HL-60  granulocytes 
with  pertussis  toxin  significantly  reduced  the  efficacies  of  both  FMLP  and  UTP  in 
stimulating  inositol  polyphosphate  accumulation  The  maximal  extent  of  the  pertussis 
toxin-induced  inhibition  was  invariably  smaller,  however,  when  UTP  (or  ATP)  rather 
than  FMLP  was  the  agonist.  This  differential  sensitivity  of  Pj-purinergic  receptors 
versus  FMLP  receptors  to  inhibition  by  pertussis  toxin  was  very  reproducible  It  is 
important  to  note  that  varying  the  concentration  of  pertussis  toxin  (100-500  ng/ml) 
us^  to  treat  the  cells  had  no  effect  on  the  magnitude  of  inhibition  of  the  response  to 
FMLP.  Cells  treated  with  this  range  of  toxin  concentrations  were  characterized  by  a 
9!  ±  \%  {N  —  7)  inhibition  of  maximal  FMLP-induced  inositol  polyphosphate 
accumulation.  In  these  same  cells  there  was  an  average  78  t  2%  (N  —  8)  inhibition 
of  the  maximal  UTP-induced  response.  Treatment  of  HL-60  granulocytes  with  per¬ 
tussis  toxin,  under  the  conditions  used  in  these  studies  (100-1000  ng/ml;  3-4  hr), 
induces  ADP  nbosylation  of  65-85%  of  the  major  40-4!-kDa  toxin  substrate  present 
in  isolated  HL-60  cell  membranes  This  substrate  presumably  includes  both  the  41- 
kDa  alpha  subunit  of  Go  and  the  40-kDa  subunit  of  G^,  given  the  results  of  several 
immunochemical  charactenzations  of  G  protein  expression  in  HL-60  cells.’*  As  noted 
in  previous  studies,  it  is  difficult  to  resolve  auloradiographically  the  relative  distnbution 
of  incorporated  ”P  between  these  subunits.  Thus,  we  cannot  ascertain  the  actual 
degrees  of  ADP  nbosylation  of  Ga  versus  G^in  the  pertussis  toxin-treated  cells  and 
membranes  As  previously  noted,  however,  FMLP-mduced  activation  and  P^-puri- 
nergic-induced  activation  of  phospholipase  C  in  intact  toxin-treated  celts  were  inhibited 
by  91%  and  78%,  respectively  (Fig  3)  Likewise,  the  membranes  isolated  from  these 
toxm-treated  cells  exhibited  a  75%  reduction  in  GTP-dependent  inositol  polyphosphate 
accumulation  in  the  absence  of  receptor  agonists  and  an  82%  reduction  in  the  extent 
of  FMLP-induced  potentiation  of  the  GTP-dependent  phospholipase  C  activity  (see 
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below).  The  magnitudes  of  these  inhibitory  effects  strongly  suggest  that  a  substantial 
fraction  of  the  particular  G  protein  subpopulations  that  functionally  interact  with 
both  the  ATP  receptors  and  the  FMLP  receptors  has  been  modifi^  by  the  toxin 
treatment.  Indeed,  there  is  a  reasonable  correlation  between  the  degree  of  toxm-induced 
ADP  nbosylation  (65-85%)  and  the  percentage  inhibition  (70-90%)  of  the  various 
functional  parameters  m  both  intact  HL-60  cells  and  isolated  membranes  Okajima 
and  Ui’*  noted  a  similar  correlation  between  the  degree  of  ADP  nbosylation  of  the 
40-41-kDa  substrate  and  the  relative  inhibition  of  FMLP-induced  functional  responses 
in  guinea  pig  neutrophils  treated  with  increasing  concentrations  of  pertussis  toxin. 


COMPARATIVE  EFFECTS  OF  PERTUSSIS  TOXIN  ON 
Pj-PURINERGIC-  VERSUS  CHEMOTACTIC  PEPTIDE-INDUCED 
ACTIVATION  OF  PHOSPHOLIPASE  C  IN  HL-60  CELL 
MEMBRANES 


The  ability  of  Pj-punnergic  receptor  agonists  to  activate  an  Liositol  phospholipid* 
specific  phospholipase  C  is  retained  in  membranes  i^lated  from  these  cells  Figure 
4  compares  the  kinetics  of  inositol  polyphosphate  accumulation  in  membranes  isolated 
from  cither  control  cells  or  pertussis  toximtreated  cells.  In  control  membranes,  mi* 
cromolar  concentrations  of  GTP  elicited  4-8*fold  increases  in  the  rate  of  inositol 
polyphosphate  accumulation  measured  over  a  4*mm  time  penod  (Table  3)  The 
inclusion  of  either  30  pM  UTP  or  10  pM  FMLP  produced  an  additional  2*fold 
increase  in  the  rate.  Table  3  shows  that  in  six  separate  membrane  preparations,  UTP 
produced  a  mean  2.8  ( ±0  5)*fold  potentiation  of  OTP*dependent  phospholipase  ac* 
tivity  whereas  FMLP  elicited  a  mean  2.2  (±03)*fold  increase.  Figure  5  illustrates 
the  dose-response  curves  charactenzing  UTP-  and  FMLP-induced  potentiation  of 
GTP-dependent  inositol  polyphosphate  accumulation  in  membranes  from  control  cells. 
We  have  previously  venfied  that  this  effect  of  UTP  (or  other  Pj-punncrgic  agonists) 
is  not  due  to  elevation  of  membrane  polyphosphoinositide  levels  or  to  inhibition  of 
GTP  catabolism  by  membrane-associated  phosphatases/nucli^tldases  The  threshold 
for  UTP  action  was  approximately  100  nM,  the  EQowas  about  1.8  ^M,  and  near- 
maximal  activation  was  obtained  with  30-100  /iM  These  values  are  similar  to  those 
charactenzing  the  effects  of  UTP  on  intact  cells  (Figs.  2  &  3).  Conversely,  the  FMLP 
dose-response  relationship  m  membranes  was  different  from  that  observed  in  intact 
cells.  Tlie  threshold  was  30  nM,  and  the  EQowas  about  300  nM  FMLP  in  excess 
of  3  ;iM  was  required  to  achieve  maximal  activation. 

Parallel  studies  performed  on  membranes  isolated  from  cells  pretreated  with  per* 
tussis  toxin  revealed  several  differences.  First,  as  shown  in  Figures  4  &  5  and  Table 
3,  the  basal  rate  of  inositol  polyphosphate  formation  as  stimulated  by  1  ^M  GTP  (in 
the  absence  of  receptor  agonists)  was  significantly  inhibited  (mean  inhibition  =  76 
±  4%,  A  =  6)  m  the  toxin-treated  membranes.  It  should  be  emphasized  that  pertussis 
toxin  treatment  did  not  alter  the  levels  of  the  vanous  membrane  [Tijinositol  phos* 
pholiptds  (data  not  shown)  Nor  did  it  significantly  alter  activation  of  the  membrane- 
associated  phospholipase  C  by  1  mM  free  Ca**  (4  ±  7%  increase  over  control 
membrane^,  A  =  4)  The  finding  that  GTP-dependent  phospholipase  activity  was 
inhibited  in  membranes  prepared  from  pertussis  toxin-pretreated  cells  was  consistent 
with  the  observation  that  basal  IPj  and  IP3  levels  were  modestly  reduced  in  intact 
cells  pretreated  with  pertussis  toxin  (Fig.  3)  As  will  be  furth  <  discussed  below,  this 
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TABIJ2  3  Effects  of  Pertussis  Toxin  on  FMLP-  and  P^-Punnergic-lnduced 
Activation  of  GTP*Dcpendcnt  Phospholipase  C  Activity  in  Membranes  from 
HL-60  Granulocytes* 


IP,  +  IP, 

Release 

Fractional 

(’H  dpm/sample) 

Inhibition 

(ng/ml,  hr) 

Agonist 

Control 

PTX 

Total 

GTP 

250,  3 

None 

76 

92 

GTP 

2008 

456 

081 

GTP/UTP 

4604 

2772 

0.43 

Oil 

GTP/FMLP 

3732 

1240 

0  68 

0  55 

Ca’*  (1  mM) 

9832 

9400 

005 

400,  3 

None 

104 

132 

GTP 

892 

296 

079 

GTPAJTP 

2036 

1460 

031 

-002 

GTP/FMLP 

Ca^*  (1  mM) 

2228 

512 

0  82 

0  84 

500,  3 

None 

128 

112 

GTP 

440 

216 

0  67 

GTP/UTP 

1320 

844 

0  39 

0  29 

GTP/FMLP 

864 

272 

078 

0  87 

a’*  (1  mM) 

4332 

4995 

-0.15 

1000,4 

None 

276 

308 

GTP 

1116 

560 

071 

GTP/UTP 

2512 

1704 

0  38 

0.18 

GTP/FMLP 

1956 

632 

081 

091 

Ca'*  (1  mM) 

7224 

8500 

-013 

1000,4 

None 

64 

336 

GTP 

1112 

440 

090 

GTP/UTP 

2572 

1728 

0.56 

012 

GTP/FMLP 

1388 

480 

091 

085 

Ca'*  (1  mM) 

7508 

7236 

007 

100,  18 

None 

100 

84 

GTP 

396 

176 

069 

GTP/UTP 

1844 

1320 

0  15 

021 

GTP/FMLP 

1328 

240 

0  87 

093 

Ca’*  (1  mM) 

6940 

5488 

0.21 

GTP-y-S  (30  mM) 

5288 

2500 

0  53 

'Aliquots  from  a  single  preparation  of  (*il)ino$itoMabeled>  difTerentiated  HL>60  cells  were 
incubated  m  the  absence  of  pertussis  toxin  (PTX)  or  in  the  presence  of  the  indicated  concen* 
trations  of  PTX  for  3-18  hr  (results  obtained  with  the  former  incubations  are  listed  under  the 
Control  heading,  those  obtain^  with  the  latter  incubations,  under  the  PTX  heading)  Membranes 
isolated  from  these  cells  were  then  incubated  for  1-4  mm  at  37  *C  in  the  basic  assay  medium 
containing  either  350  nM  free  Ca^^  or  !  mM  free  Ca^^  Parallel  samples  also  contained  the 
following  (in  addition  to  350  nM  free  Ca**)  no  agonists  (None),  I  pM  GTP  (GTP),  1  pM 
GTP  plus  30  pM  UTP  (GTP/UTP),  or  I  pM  GTP  plus  10  pM  FMLP  (GTP/FMLP)  In 
the  first  expenment  (PTX  at  250  ng/ml  for  3  hr),  the  (GTP)  was  3  pM  Accumulation  of 
( Ti]mositol  polyphosphates  was  quantified  Each  data  point  represents  the  average  of  duplicate 
determinations  Fractional  inhibition  of  total  activity  was  defined  as  follows  1  •  ( ( Agonist  - 
None  jrrx  /  ( Agonist  •  None )«»«<)  Fractional  inhibition  of  GTP-dependent  activity  was  defined 
as  follows  1  •  ((Agonist  •  GTP}„x  /  (Agonist  •  GTP}««ftj) 


DUBYAK  &  COWEN:  PERTUSSIS  TOXIN  EFFECTS 


239 


reduction  in  basal  GTP-dependent  phospholipase  C  activity  in  membranes  from  toxin- 
treated  cells  appeared  to  reflect  a  depressed  rate  of  GTP-dependent  activation  of  a 
toxin-sensitive  G  protein(s)  that  is  functionally  coupled  to  the  phospholipase  C. 

The  absolute  rate  of  inositol  polyphosphate  relea^  induced  by  the  administration 
of  both  UTP  and  GTP  in  toxin-treated  membranes  was  reduced  by  about  40%  relative 
to  that  observed  in  control  membranes  (Figs.  4  &  5,  Table  3).  We  were  surprised, 
however,  to  observe  that  the  ability  of  UTP  (or  ATP)  to  potentiate  GTP-dependent 


B 
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o  PTx 


9*  8  r  e  5 

.  'log  M 


FIGURE  5.  DifTercntial  inhibitory  effects  of  pertussis  toxin  treatment  on  FMLP-  and  UTP- 
induced  potentiation  of  GTP-dependent  inositol  polyphosphate  accumulation  in  membranes 
isolated  from  HL-60  granulocytes—dose-response  relationships  Membranes  isolated  from 
( ’H]mositoMabeled,  differentiated  HL-60  cells  were  incubated  for  2  mm  at  37  *C  in  basic  assay 
medium  containing  3S0  nM  free  Ca**  and  1  pM  GTP.  Incubation  media  also  contained  the 
indicated  concentrations  of  UTP  (•,  panel  A)  or  FMLP  (■,  panel  B)  Filled  symbols 
(#,■)  represent  data  from  membranes  of  control  cells;  open  symbols  (0,0)  represent  data 
f^rom  membranes  of  cells  treated  for  4  hr  with  1  pg/ml  pertussis  toxin  (sufficient  to  induce 
83%  ADP  nbosylation  of  the  major  40-41-kDa  substrate).  Accumulation  of  (^Hlmositol  po¬ 
lyphosphates  was  quantified.  Data  points  represent  the  mean  t  range  of  duplicate  determinations 
from  a  single  expenment  These  data  are  representative  of  two  separate  experiments. 


phospholipase  C  was  very  similar  in  isolated  membranes  prepared  from  either  control 
or  pertussis  toxin-treated  cells.  Thus,  the  dose-response  curve  charactenzing  UTP- 
induced  activity  in  pertussis  toxin-treated  membranes,  though  negatively  shifted  along 
the  >^axis,  parallel^  that  observed  in  control  membranes.  If  it  is  assumed  that  Pj* 
punnergic  receptors  activate  phospholipase  C  exclusively  through  the  mediation  of  a 
toxm-sensitive  G  protem(s)  (presumably  Ga),  our  results  would  suggest  that  ADP 
nbosylation  does  not  preclude  interaction  of  this  G  protein  with  occupied  p2-punnergic 
receptors  However,  because  ADP  nbosylation  appears  to  substantially  reduce  the 
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absolute  rate  of  GDP/GTP  exchange  by  the  relevant  G  protein  m  the  absence  of 
agonists,  it  is  possible  that  the  absolute  rate  of  receptor-stimulated  GTP/GDP  ex¬ 
change  may  1m  similarly  reduced  relative  to  that  catalyzed  by  the  unmodified  G 
protein  Any  attenuation  of  this  guanine  nucleotide  exchange  rate  will  actually  limit 
activation  of  the  phospholipase  effector.  Such  an  attenuation  of  G  protem/effcctor 
coupling,  rather  than  an  absolute  inhibition  of  receptor/G  protein  coupling,  may 
explain  the  diflferential  effects  of  toxin  treatment  on  UTP-  versus  FMLP-induced 
phospholipase  activation  in  both  membranes  and  intact  cells  Our  results  suggest  that 
Pj-purinergic  receptors,  but  not  FMLP  receptors,  contain  structural  features  that 
facilitate  some  degree  of  interaction  with  the  ADP-nbosylated  alpha  subunits  of  Q- 
type  proteins.  As  noted  in  the  Introduction,  pertussis  toxin  treatment  of  aortic  en¬ 
dothelial  cells,’  FRTL  thyroid  cells,*  or  rat  aortic  smooth  muscle  cells’  induces  an 
attenuation,  rather  than  a  complete  blockade,  of  Pj-punnergic  receptor-stimulated 
phospholipase  C  activity. 

Because  only  65-85%  of  the  Gu+ipool  in  these  cells  was  nbosylated  by  ADP  it 
may  be  argued  that  blockade  of  Pj-punnergic  receptor-induced  potentiation  of  inositol 
polyphosphate  release  in  membranes  requires  modification  of  the  residual  pool  of  toxin 
substrate.  In  studying  the  ability  of  pertussis  toxin  to  uncouple  angiotensin  II  receptors 
from  inhibition  of  hepatocyte  adenylate  cyclase,  Pobiner  et  found  that  at  least 
90%  of  the  membrane  G,  pool  had  to  be  nbosylated  by  ADP  if  a  50%  attenuation 
of  the  angiotensin  action  on  cyclase  activity  in  hepatocyte  membranes  was  to  be 
achieved.  Such  results  indicate  an  important  role  for  receptor/G  protein  stoichiometry, 
particularly  if  (GJ  >  [receptor).  It  is  important  to  note  that  nearly  100%  ADP 
nbosylation  was  required  to  block  the  ability  of  the  hormone  to  inmbit  cyclic  AMP 
accumulation  in  intact  hepatocytes  Thus,  there  was  no  dispanty  between  the  effects 
of  the  toxin  on  agontst-mduced  signaling  in  intact  cells  or  isolated  membranes  This 
contrasts  with  our  observation  of  a  >75%  inhibition  of  UTP-induced  signaling  in 
cells  containing  up  to  35%  of  the  normal  content  of  unmodified  G  protein 


EFFECTS  OF  PERTUSSIS  TOXIN  ON  THE  BASAL  GTP- 
DEPENDENT  PHOSPHOLIPASE  C  ACTIVITY  IN  ISOLATED 
HL<60  CELL  MEMBRANES 


By  preparing  and  assaying  HL-60  cell  membranes  in  the  absence  of  ATP,  it  was 
possible  to  measure  the  ability  of  relevant  G  proteins  to  activate  inositol  phospholipid 
hydrolyisis  in  the  absence  of  P^punncrgic  receptor-induced  stimulation  Surprisingly, 
this  basal  GTP-dependent  phospholipase  C  activity  was  significantly  inhibited  in 
membranes  prepared  from  pertussis  toxin-treated  HL-60  granulocytes  (Fics  4  &  5, 
Table  3)  Therefore,  pertussis  toxin  treatment  appears  to  attenuate  some  step  m  G 
protein/phosphoiipase  C  coupling,  in  addition  to  the  well-characterized  inhibition  of 
receptor/G  protein  coupling."  "  Our  results  suggest  that  ADP  nbosylation  of  the 
relevant  toxin-sensitive  G  protein(s)  may  slow  the  basal,  agonist-independent  cycle 
of  G  protein  activation  by  guanine  nucleotide  tnphosphates.  This  effect  of  pertussis 
toxin  on  GTP-dependent  inositol  polyphosphate  formation  in  isolated  membranes 
could  be  correlate  with  the  20%  reduction  m  basal  IP,  and  IP,  levels  measured  in 
intact,  pertussis-treated,  differentiated  celk  (Fig.  3,  Table  3)  Such  inhibition  has 
not  been  reported  in  previous  studies  of  GTP-dependent  phospholipase  C  activity  in 
membranes  derived  from  differentiated  HL-60  cells  or  neutrophils."  "  It  is  consistent, 
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however,  with  results  from  a  recent  study  by  McLcish  et  aV*  showing  that  membranes 
isolated  from  pertussis  toxin*treated  HL-60  granulocytes  exhibit  a  65%  reduction  m 
the  rate  of  high^affimty  GTPase  measured  in  the  absence  of  agonists.  In  these  same 
membranes,  the  rate  of  high-affinity  GTP-y-S  binding  was  reduced  by  about  70% 
Similarly,  Wilde  et  al^  have  reported  that  pertussis  toxin  causes  a  50%  inhibition  of 
basal  GTPase  activity  in  membranes  from  rabbit  neutrophils.  Okajima  and  Ui“  and 
Okajima  et  also  observed  a  20*30%  inhibition  of  the  GTPase  assayed  in  mem¬ 
branes  from  toxm-treated  guinea  pig  neutrophils  Such  results  suggest  that  ADP 


FIGURE  6.  Inhibition  of  the  initial  rate  of 
GTP-  and  GTP-y-S-dependent  inositol  poly¬ 
phosphate  accumulation  in  membranes  iso¬ 
lated  from  pertussis  toxm-treated  HL-60 
granulocytes— dose-response  relationships 
Membranes  isolated  from  [  ’H  jinositol-labeled, 
diffeientiated  HL-60  cells  were  incubated  at 
37  *C  m  basic  assay  medium  containing  350 
nMfreeCa’*  (A)  Membranes  were  incubated 
for  20  sec  with  the  specified  concentrations  of 
GTP-y-S  (B)  Membranes  were  incubated  for 
45  sec  with  the  specified  concentrations  of 
GTP.  A  GTP-rcgenerating  system  was  in¬ 
cluded  only  for  samples  in  which  GTP  was 
included  (B).  Filled  symbols  (•)  represent 
data  from  the  membranes  of  control  cells,  open 
symbols  (O)  represent  data  from  the  mem¬ 
branes  of  pertussis  toxm-treated  cells.  Accu¬ 
mulation  of  [’Hlmositol  polyphosphates  was 
quantified  as  desenbed  m  reference  9.  Data 
points  represent  the  mean  ±  range  of  duplicate 
determinations  from  a  single  expenment. 
These  data  are  representative  of  two  separate 
experiments 


nbosylation  of  a  predominant  GTF-binding  protein  in  HL-60  or  neutrophil  membranes 
significantly  slows  the  rate  of  GTP/GDP  exchange  Attenuation  of  this  exchange 
rate  would  be  expected  to  reduce  the  steady  state  level  of  activated  G  protein  produced 
in  response  to  incubation  with  GTP  per  se,  and  also  to  slow  the  rate,  but  not  the 
extent,  of  G  protein  activation  by  the  nonhydrolyzable  GTP-y-S  Consistent  with  this, 
we  have  observed  that  pertussis  toxin  inhibited  only  the  rate,  but  not  the  extent  of 
GTP-y-S-induccd  phospholipase  C  activation  in  HL-60  cell  membranes  (Figs.  6  & 
7)  Thus,  ADP  nbosylation  appears  to  affect  only  the  rate  of  G  protein  activation 
but  not  the  ability  of  the  activated  G  protein  to  stimulate  phospholipase  C 
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FIGURE  7.  Inhibition  of  the  GTP*v>S*<lependent  inositol  polyphosphate  accumulation  m  mem¬ 
branes  isolated  from  pertussis  toxin-treated  IIL-60  granulocytes— effects  on  the  kinetics  of  ac¬ 
cumulation  Membranes  isolated  from  (’H)inositol-labeled,  differentiated  HL-60  celts  were 
incubated  for  the  indicated  times  at  37  *C  in  basic  assay  medium  containing  3S0  nM  free 
No  GTP-regenerating  system  was  included  (A)  Membranes  were  incubated  with  300  nM  GTP- 
y-S  (B)  Membranes  were  incubated  with  30  jsM  GTP-y-S  Filled  symbols  {#)  represent  data 
from  membranes  of  control  cells,  open  symbols  (  O)  represent  data  from  membranes  of  pertussis 
toxin-treated  cells  Accumulation  of  ( ’H|ino$itol  polyphosphates  was  quantified  as  desenbed  in 
reference  9  Data  points  represent  the  mean  ±  range  of  duplicate  determinations  from  a  single 
expenment  These  data  are  representative  of  two  separate  experiments 
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FUNCTIONAL  SIGNIFICANCE  OF  THE  DIFFERENTIAL  EFFECTS 
OF  PERTUSSIS  TOXIN  ON  G  PROTEIN  ACTIVATION  BY 
Pj-PURINERGIC  VERSUS  FMLP  RECEPTOR  IN  PHAGOCYTIC 
LEUKOCYTES 


Our  studies  also  do  not  rule  out  a  role  for  pertussis  toxin-msensitive  G  proteins 
in  mediating  the  P^-punnergic  receptor-induced  activation  of  phospholipase  C  in  HL- 
60  cells  or  neutrophils  The  apparent  role  of  pertussis  toxin-inscnsitive  G  proteins  in 
mediating  the  activation  of  phospholipases  by  Pj-purinergic  receptors  has  now  been 
charactenzed  in  several  cell  types.  In  hepatocytes^  Pj-punnergic  stimulation  of  phos- 
phatidylinositol-specihc  phospholipase  phospholipase  and  phosphatidylcho¬ 
line-specific  phospholipase  is  not  affected  by  pertussis  toxin  treatment.  The  P2- 
purincrgic  receptors  expressed  by  turkey  erythrocytes  also  activate  inositol  phospho¬ 
lipid  breakdown  by  a  pertussis  toxin-insensitive  G  protein.^*  It  is  possible  that  similar 
toxin-insensitve  G  proteins  may  the  mediate  the  toxin-resistant  portion  of  Pj-punnergic 
signaling  in  HL-60  granulocytes.  In  our  own  studies,  we  have  consistently  observed 
that  pertussis  toxin  is  significantly  more  efficacious  in  inhibiting  the  ATP-mduced 
activation  of  inositol  polyphosphate  accumulation  in  differentiated  HL-60  cells  as 
opposed  to  undifferentiated  cells  Such  results  suggest  that  differentiation  of  these  cells 
induces  a  phenotypic  shift  in  the  G  protein  species  available  for  coupling  receptors 
to  the  phospholipase  C  effector  enzymes.  Indeed,  previous  studies’’  have  demonstrated 
that  the  differentiation  of  HL-60  cells  into  neutrophils  is  accompanied  by  1 )  2-3-fold 
increases  in  the  levels  of  mRNA  transcripts  for  the  alpha  subunits  of  both  Q2  and 
Gii,  and  2)  at  least  2-fold  increases  in  the  translation  products  of  these  alpha  subunit 
transenpts. 

McLeish  et  aV'  have  recently  suggested  that  differences  in  the  activation  of  G,2 
(or  additional  G  proteins)  by  FMLP  receptors  and  leukotnene  receptors  may  be 
responsible  for  differential  activation  of  vanous  neutrophil  responses  by  these  agonists 
Similarly,  FMLP,  but  not  ATP,  is  an  effective  stimulus  for  neutrophil  superoxide 
production  and  pnmary  granule  secretion.'*^”  That  FMLP  receptors  and  Pj-punnergic 
receptors  also  appear  to  activate  a  common  G  protein  by  different  mechanisms  may 
partially  explain  the  differential  capacities  of  FMLP  and  P2-punnergic  agonists  to 
elicit  functional  changes  in  neutrophils 
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DISCUSSION  OF  THE  PAPER 


F  Di  ViRGiLlo  {Institute  of  General  Pathology.  Padua.  Italy)  1 )  It  has  been  shown 
that  ATP  does  not  release  Ca**  from  stores  in  mouse  lymphocytes;  however,  it  tnggers 
Ca**  influx  across  the  plasma  membrane  Do  you  have  evidence  that  ATP,  maybe 
at  high  concentrations,  causes  influx  in  human  lymphocytes? 

2)  Docs  ATP  cause  plasma  membrane  depolanzation  in  human  neutrophils? 

Dubyak-  1 )  Certain  types  of  human  lymphocytes  do  indeed  show  enhanced 
influx  in  response  to  millimolar  concentrations  of  extracellular  ATP  Jim  Wiley  and 
I  have  recently  reported  (Blood  IZ:  1316-1323,  1989)  that  ATP  induces  an  increased 
permeability  to  both  calcium  and  monovalent  cations  in  chronic  lymphocytic  leukemic 
(CLL)  lymphocytes  (which  are  predominantly  B  cells  m  most  cases).  In  contrast,  we 
noted  little  ATP-induced  ion  influx  in  normal  peripheral  blood  lymphocytes  (which 
are  predominantly  T  cells).  It  should  be  stressed  that  the  observed  response  in  CCL 
lymphocytes  vaned  considerably  between  different  patients.  This  suggests  that  only  a 
particular  subtype  of  B  lymphocyte  may  express  this  responsiveness  to  ATP. 

2)  We  have  not  tested  whether  ATP  induces  depolanzation  of  human  neutrophils 
My  speculation  would  be  that  ATP  would  induce  depolanzation  m  a  manner  analogous 
to  that  tnggered  by  other  Ca^'^-mobilizing  agonists  in  these  cells 

I.  Friedberc  (Tel  Aviv  University,  Tel  Aviv,  Israel)  Do  you  have  information 
about  additional  transmembrane  signaling  systems  that  are  stimulated  by  extracellular 
ATP?  If  so,  there  “cross-talk”  among  these  systems? 

Dubyak  Dr.  Exton  and  his  colleagues  have  demonstrated  that  ATP  is  a  partic- 
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ularly  efficacious  activator  of  phosphatidylcholine-specific  phospholipase  C  and  phos¬ 
pholipase  D  in  hepatocytes  The  large  amounts  of  phosphatidic  acid  and  diacylglycerol 
generated  from  phosphatidylcholine  undoubtedly  can  have  marked  effects  on  a  variety 
of  protein  kinases,  including  protein  kinase  C  Activation  of  PKC  can  significantly 
attenuate  the  activation  of  inositol  phospholipid-specilic  phospholipase  C(s)  by  ATP 
and  most  other  Ca**-mobilizing  agonists.  Thus,  there  would  substantial  “cross-talk” 
at  this  level  Ming-Sheng  Xie,  a  graduate  student  in  my  lab,  has  similarly  demonstrated 
that  ATP  (and  UTP)  can  activate  phospholipase  D  in  differentiated  HL-60  cells  but, 
interestingly,  not  in  undifferentiated  HL-60  cells  Moreover,  even  though  ATP  and 
formlylated  peptides  (such  as  FMLP)  are  equally  efficacious  in  activating  the  inositol 
phospholipid-specihc  phospholipase  C  in  the  differentiated  cells,  ATP  is  considerably 
less  efficacious  than  FMLP  in  activating  phospholipase  D.  This  is  intnguing  given 
that  that  ATP  cannot  per  $e  activate  supcroxide  generation  but  can  potentiate  FMLP- 
induced  superoxide  release  in  these  cells  and  in  “real”  t.  utrophils  (c/  Ward  et  al, 
this  volume). 

J.  S  Davidson  (JUmversity  of  Cape  Town  Medical  School,  Cape  Town,  South 
Africa).  Perhaps  you  might  consider  an  alternative  explanation  for  the  difference  you 
have  observed  between  intact  cells  and  the  membrane  preparations*  Is  it  possible  that 
part  of  the  toxin-sensitive  phospholipase  C  activity  might  be  due  to  cytosolic  phos¬ 
pholipase,  which  would  have  b^n  lost  in  the  membrane  preparation? 

DubvaK'  This  IS  a  very  good  question,  and  one  that  Dan  Cowen  and  I  have  often 
contemplated.  We  know  that  the  maximal  FMLP  +  GTP-induced  inositol  poly¬ 
phosphate  release  from  membranes  is  less  than  the  FMLP-mduced  inositol  poly¬ 
phosphate  accumulation  observed  in  intact  cells  or  the  ATP  *f  GTP-induced  inositol 
phosphate  release  from  the  same  membranes.  These  membranes  have  lots  of  functional 
FMLP  receptors  that  change  their  affinity  state  in  the  presence  of  GTP;  that  is,  FMLP 
receptor/G  protein  interaction  appears  intact.  Tlie  relatively  low  rates  of  PLC  acti¬ 
vation  observed  in  membranes  suggest  that,  in  intact  cells,  FMLP  may  indeed  be 
predominantly  activating  a  PI-PLC  tsoform  that  is  lost  dunng  membrane  preparation. 
Conversely,  ATP  receptors  may  be  equally  capable  of  activating  cither  the  putative 
soluble  PI-PLC  or  the  mcmbrane-associat^  PI-PLC 
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INTRODUCTION 


It  IS  now  well  recognized  that  extracellular  ATP  can  stimulate  the  breakdown  of 
inositol  phospholipids  m  certain  mammalian  cells  and  that  the  resulting  increase  in 
inositol  U4,5*trisphosphate  (IPj)  is  responsible  m  part  for  the  elevation  of  cytosolic 
Ca^*.'*^  The  punnergic  receptor  that  mediates  these  effects  has  been  identified  as  the 
Pivtype.**  Studies  wiiIi  isolated  plasma  membranes  have  provided  evidence  that  ATP 
and  other  adenine  nucleotides  that  interact  with  the  P}Y*punnergic  receptor  stimulate 
the  hydrolysis  of  endogenous  phosphatidylinositol  4,5*bisphosphate  ( PIP})  to  IP),  and 
that  the  response  is  dependent  upon  GTP  and  its  analogues.**'®  The  characteristics  of 
the  guanine  nucleotide  effects  on  the  activation  of  PIP}  phospholipase  C  and  on  the 
binding  of  [*’SjADP*i3*S  indicate  the  involvement  of  a  G  protein.**'® 

Recent  evidence  has  shown  that  agents  that  interact  with  P}Y*punnergic  receptors 
also  stimulate  the  breakdown  of  phosphatidylcholine  (PC)  in  cells  "'**  As  in  the  case 
of  PIP]  hydrolysis,  the  response  appears  to  be  mediated  by  a  G  protein,  but  both 
direct  and  indirect  mechanisms  are  probably  involved.  In  this  report,  the  effects  of 
ATP  on  PC  breakdown  will  be  described  with  reference  to  the  enzymes  and  mech* 
anisms  involved  and  the  possible  physiological  significance  of  agonist'induced  PC 
breakdown. 


EVIDENCE  FOR  ATP-INDUCED  PC  BREAKDOWN  IN  RAT 
HEPATOCYTES 


The  first  clue  that  ATP  and  other  Ca**-raobilizing  agonists  were  causing  the 
breakdown  of  another  phospholipid  besides  PlPjin  cells  came  from  measurements  of 
the  amount  of  diacylglycerol  (DAG)  that  accumulated  when  rat  hepatocytes  were 

^Address  for  correspondence  Howard  Hughes  Medical  Institute.  831  Light  Hall,  Vanderbilt 
University,  Nashville,  Tennessee  37232 


246 


EyrON:  PHOSPHOLIPASE  SIGNALING  SYSTEMS 


247 


Stimulated  with  ATP.'*  The  amount  of  DAG  that  accumulated  was  found  to  be  very 
much  greater  than  the  amount  of  IP,  that  accumulated.'*'*  Chemical  measurements 
of  the  PlPjdisappeanng  in  hepatocytes  stimulated  with  Ca^^>mobilizing  agonists,  and 
of  the  DAG  and  phosphatidic  acid  (PA)  accumulating,'*’'*'^  confirmed  the  discrep* 
ancy. 

When  the  molecular  species  of  DAG  formed  in  hepatocytes  in  response  to  ATP 
and  other  Ca*'**mobilizing  agonists  were  analyzed  by  high*performancc  liquid  chro¬ 
matography,  the  fatty  acid  compositions  of  the  major  DAG  species  were  very  different 
from  those  one  would  expect  if  one  assumed  in(»itol  phospholipid  to  be  the  sole 
source  (Table  1).'*  Comparison  of  the  profile  of  DAG  species  with  the  profiles  of 
the  phospholipids  of  rat  liver"  strongly  indicated  that  PC  was  a  major  source.  This 
was  confirmed  when  the  molecular  species  of  the  phospholipids  of  isolated  rat  he¬ 
patocytes  were  determined.'* 

More  direct  evidence  that  ATP  elicited  the  breakdown  of  PC  in  hepatocytes  was 
obtained  when  the  cells  were  incubated  with  l-0*(*H]alkyl-2*lyso-s/i>glycero-3- 
phosphocholine'*  or  were  prepared  from  mts  injected  with  this  labeled  compound  20 
hr  previously.  This  compound  becomes  incorporate  into  the  PC  fraction  relatively 
selectively.'*  When  cells  labeie  in  viiro  or  in  vivo  were  incubate  with  ATP,  there 
was  about  a  2-fold  stimulation  of  l*G-(*H]alkyl-2-acylglycerol  preuction  (Table 


TABLE  1.  Molecular  Species  of  DAG  Accumulating  in  Hepatocytes  Stimulate  with 
ATP* 


Molecular  Species  of  DAG 

Fold  Increase  Induced  by  ATP 

4.5  ±  04 

C|*«/C||} 

28  i  03 

4.5  ±  07 

Cuo/Cin, 

3  3  S  0.3 

*  After  hepatocytes  were  incubate  for  10  mm  with  saline  (control)  or  I  mM  ATP,  the 
molecular  species  of  DAG  were  analyze  '*  Each  value  is  a  mean  ±  S  £.  fiom  thr.eexpcnments 
Data  are  from  reference  H 


2)>~a  result  consistent  with  the  stimulation  of  a  phospholipase  C  active  on  PC.  In 
cells  labeie  in  vitro,  however,  there  was  negligible  stimulation  of  l-(?-[*HJalkyl-PA 
formation  in  response  to  Ca**-mobilizing  agonists  In  contrast,  in  cells  obtained  from 
animals  injected  with  the  label  20  hr  previously,  there  was  about  a  2-foId  increase  in 
[*H]alkyl*PA  (Table  2)  Similar  data  were  obtained  when  the  cells  were  labeled 
with  [  '‘CJlyso-PC  '*  These  data  indicate  that  both  rapidly  and  slowly  labeled  PC 
pools  are  substrates  for  an  agonist-activated  phospholipase  C,  whereas  only  the  slowly 
labeled  pool  is  a  substrate  for  a  stimulated  phospholipase  D.  The  activation  of  a  PC 
phospholipase  D  explains  the  rapid  formation  of  PA  in  hepatocytes  stimulated  by 
Ca**^-mobilizing  agonists  '* 


ATP  STIMULATION  OF  PC  HYDROLYSIS  IN  LIVER  PLASMA 
MEMBRANES 


Further  evidence  that  ATP  and  other  Pj^purinergic  agonists  stimulate  PC  break¬ 
down  by  phospholipase  C  and  phospholipase  D  comes  from  experiments  with  isolated 
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TABLE  2.  ATP  Stimulation  of  the  Formation  of  l»0-(*H)Alkyl*2«acyl*glycerol  and 
l-0*[*H]AIkyl*PA  in  Hepatocytes  Labeled  with  l-0*t*H]Alkyl-2-lyso-glyccro*3- 
phosphocholme  in  Vii^  and  in  Pivo*' 


Fold  Changes  over  Control 

Hepatocytes  Labeled  in  Vitro 

Hepatocytes  Labeled  in  Vivo 

('H)AAG* 

(’HJAPA' 

{'H)AAG» 

[’HIAPA' 

ATP 

Vasopressin 

17  ±  01 

1.8  ±  01 

12  ±  01 

1.1  ±  004 

21  ±  01 

1.7  ±  02 

•  Hepatocytes  were  either  incubated  for  30  mm  with  1*0*[  *Hlalkyl-2*lyso*gl>cero*3'phospho* 
choline  or  prepared  from  rats  injected  intrapentoneally  with  this  compound  20  hr  previously 
The  hepatocytes  were  incubated  for  7*10  mm  with  Sidine  (control),  I  mM  ATP,  or  100  nM 
vasopressin  Data  are  from  reference  14 
‘{'H)AAG.  1.0-('H]alkyl.2-acyl-glycerol. 

‘('HIAPA-  l-0-(’Hlalkyl-PA 


0  -6  -5  -4  -3  0  -B  -5  -4  -3 


LOG  MOLAR  AGONIST 

FIGURE  1.  Effects  of  punnergic  agonists  on  the  release  of  phosphocholme  and  cholme  from 
rat  liver  plasma  membranes  Plasma  membranes  were  prepared  from  rats  injected  with  [mei/iyl- 
’Hjcholine  18  hr  previously,  and  incubated  in  the  presence  of  0  3  jiM  GTP-t<S  and  the  indicated 
concentrations  of  agonists  for  S  min  at  30 *C  (’HlPhosphocholine  plus  cholme  were  assayed 
as  described  in  reference  11  (A)  Q  adenosine  (ADO),  •  AMP,  ■  ADP,  A  ATP  (B)  A 
ATP,  □  ATP.y.S;A  AMP-PNP,  T- AMP.PCPjV  a/3-methylene-ATP 
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rat  liver  plasma  membranes.”*’*  In  membranes  prepared  from  rats  previously  injected 
with  (*H]choline,  the  addition  of  micromolar  or  lower  concentrations  of  GTP  ana¬ 
logues  caused  the  breakdown  of  [’H}PC  to  labeled  phosphocholine  and  choline," 
consistent  with  the  activation  of  PC  phospholipases  C  and  D  mediated  by  a  G  protein. 
When  ATP,  ADP,  and  certain  ATP  analogues  were  added  in  the  presence  of  a  low 
concentration  (0.3  p-M)  of  GTP-y-S,  there  was  a  further  stimulation  of  PC  hydrolysis 
(Fig.  I)  This  stimulation  was  not  observed  with  adenosine  or  AMP,  except  at  very 
high  concentrations  (0  1  and  1  mM).  The  stimulation  was  blocked  by  Pj'purinergic 
antagonists  such  as  a,/3-mcthylcnc-ATP  and  2,2'-pyndylisatogen  (Fig.  I ),"  indicating 
the  involvement  of  these  receptors 


- 1 - 

0  6  10 
TWe  (H«N) 


FIGURE  2.  Effect  of  GTP-y-S  on  the 
production  of  (A)  diacylglyccrol 
(DAC)  and  phosphatidic  acid  (PA) 
and  on  the  production  of  (0)  choline 
(cho)  and  phosphocholine  (Pcho)  by 
rat  liver  plasma  membranes  Plasma 
membranes  were  incubated  with 
(•——•.  A—“ A)  or  without 
(0----0.  A- •••A)  GTP.y-S  (20 
jiM)  and  assayed  for  DAO,  PA,  cho¬ 
line,  and  phosphocholine  as  described 
m  reference  12 


In  further  experiments,  the  effects  of  GTP-y-S  on  the  release  of  choline  and 
phosphocholine  from  rat  liver  plasma  membranes  were  e.xammcd  "  As  shown  m 
Figure  2,  the  nucleotide  increased  the  release  of  choline  about  4-fold,  but  caused 
only  a  small  increase  (~40%)  in  phosphocholine  production  These  data  suggested 
that  stimulation  of  the  G  protein(s)  resulted  mainly  m  the  activation  of  PC  phos¬ 
pholipase  D.  Because  ATP  was  absent  from  the  incubation  medium,  the  enhanced 
formation  of  phosphocholine  indicates  that  there  was  some  stimulation  of  PC  phos¬ 
pholipase  C 
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In  agreement  with  the  conclusion  that  GTP-y>S  activated  both  phospholipase  D 
Jid  phospholipase  C  m  these  experiments,  there  was  increased  formation  of  both  PA 
and  DAG  (Fig.  2)  The  idea  that  PC  was  the  major  source  of  these  lipids  was 
supported  by  the  finding  that  PC  was  the  only  liver  plasma  membrane  phospholipid 
that  decreas^  significantly  in  response  to  GTP-y-S.**  The  proposal  that  Pj-punnergic 
receptors  could  be  coupled  to  a  G  protein  that  controls  PC  phospholipase  D  was 
supported  by  the  observation  that  addition  of  ATP  and  ADP  enhanc^  the  stimulatory 
effect  of  0.3  /iM  GTP-y-S  on  phosphatidate  formation  in  isolated  liver  plasma  mem¬ 
branes.** 

The  involvement  of  phospholipase  D  in  the  actions  of  hormones  and  other  agonists 
on  cells  can  also  be  explored  uciltzing  the  fact  that  the  enzyme  catalyzes  a  transphos- 
phatidylation  reaction  in  which  primary  alcohols  substitute  for  water  as  the  phos¬ 
phatidyl  acceptor.*^  As  shown  in  Table  3,  when  hepatocytes  were  incubated  with 
Ca*'^-mobilizing  agonists  in  the  presence  of  ethanol,  the  formation  of  phosphatidyl- 
ethanol  was  enhanced,  consistent  with  (he  activation  of  phospholipase  D  by  these 
agonists.  Stimulation  of  the  formation  of  ph(»phatidylethanol  was  also  shown  when 
isolated  liver  plasma  membranes  were  incubat^  with  GTP-y-S  plus  ethanol." 


DISCUSSION 


There  is  now  widespread  evidence  (hat  Ca***mob)lizing  agonists  stimulate  PC 
breakdown  m  a  variety  of  (issues  and  cell  lines  (Table  4).*'  As  a  member  of  this 
group  of  agonists,  extracellular  ATP  has  been  shown  to  elicit  PC  breakdown  m 
hepatocytes"'**  **  and  endothelial  cells'*  acting  through  the  P,Y*purinergic  receptor 
The  mechanisms  by  which  PjY-punnergic  receptor  activation  causes  PC  hydrolysis 
may  be  manifold.  As  shown  by  our  findings'"*-’*  and  those  of  another  laboratory,’* 
there  is  evidence  that  the  receptors  activate  a  G  protein  that  regulates  plasma  mem¬ 
brane  PC  phospholipases  D  and  C  Whether  the  same  G  protein  controls  both  of 
these  phospholipases  and  also  the  PIPj  phospholipase  C  in  a  given  cel)  type  remains 
unknown. 

Findings  with  other  agonists  and  other  cell  types  indicate  that  PC  hydrolysis  can 
be  controlled  by  other  mechanisms  besides  direct  interaction  of  the  G  protein  with 
the  phospholipases.*'  For  example,  Ca**  depletion  in  hepatocytes  leads  to  a  partial 
inhibition  of  the  stimulation  of  PC  hydrolysis  to  PA  and  DAG  by  vasopressin, ‘*  ‘* 
and  addition  of  the  Ca**  lonophore  A23187  alone  can  stimulate  PC  breakdown  and 


TABLE  3.  Effect  of  Ca** -Mobilizing  Agonists  on  Phosphatidylethanol  Accumulation 
in  Rat  Hepatocytes* 


Phosphatidylethanol 


Additions  (pmol/mg) 


None  5  8  ±  2  8 

Vasopressin  (100  nM)  50  4  i  31 

Angiotensin  II  (100  nM)  33  1  ±  40 

Epinephnne  (10  pM)  24  2  ±  2  3 
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TABLE  4.  Cells  Of  tissues  showing  PC  breakdown  in  response  to  hormones,  growth 
factors,  phorbol  esters,  and  other  stimuli. 


Cell  or  Tissue 

Stimuli 

Hepatocyte 

Vasopressin,  angiotensin  11,  adrenergic 
agonists  (a,),  P^-punnergic  agonists, 
phorbol  ester 

Hepatoma  (HepG2) 

Serum  factor($),  phorbol  ester 

Kidney  cell  (MDCK-Dl) 

Adrenergic  agonists  (a,),  phorbol  ester 

Promyelocyte  (HL-60) 

f-Mct-Leu-Phe,  phorbol  ester,  DAG 

Neuroblastoma  (N4TG1.  NG108-15) 

Serum  factor(s),  phorbol  ester 

Pheochromocytoma  (PC-12) 

Serum  factor(s),  phorbol  ester 

Prc-adipocyte  (3T3-LI ) 

PDGF,  phor^l  ester 

Fibroblast  (Swiss  3T3.  3T3.A3I,  11C9) 

Bombesin,  phorbol  ester,  thrombin,  EGP 

Aortic  smooth  muscle  cell  (AIO) 

Vasopressin 

Rat  embryo  cell  (REF52) 

Vasopressin 

T  lymphocyte  (Jurkat) 

Interleukin- 1 

Neutrophil 

f-Met-Leu-Phe,  phorbol  ester 

Endothelial  cell 

Thrombin,  bradykinm,  Pj-punnergic  agonists 

Heart 

Muscarinic  agonists 

Grain 

Muscarinic  agonists 

Pancreas 

Muscanmc  agonists,  bombesin, 
cholecystokinm 

Platelet 

Thrombin 

Myoblast 

Phorbol  ester 

HeLa  cell 

Phorbol  ester 

Utenne  decidua  cell 

Phorbol  ester 

Pituitary  cell  (GH3) 

DAG 

Mast  cell 

Antigen 

Ovanan  granulosa  cell 

Gonadoiropin-releasmg  hormone 

Retina 

Light 

Electroplax 

Acetylcholine,  electrical  stimulation 

Spermatozoon  (Sea  urchin) 

Egg  jelly  (fucose-sulfale  gl>cocon;ugatc) 

Hemopoietic  stem  cel!  (FDCP-Mixl) 

lnterIeukin-3 

Macrophage 

Platelet-activating  factor,  mterferon-y, 
phorbol  ester 

Glioma  (C,) 

Phorbol  ester 

Astrocytoma  ( 1 32 1 N I ) 

Muscanmc  agonists,  phorbol  ester 

DAG  and  PA  accumulation.*^  **  These  findings  suggest  that  part  of  the  PC  hydrolysis 
IS  attnbulable  to  the  increase  in  cytosolic  Ca**  induced  by  ATP  and  other  Ca*""- 
mobilizing  agonists  in  cells  Presumably,  Ca**  could  act  on  the  PC  phospholipases 
either  directly  or  through  the  mediation  of  a  Ca*^-binding  protein  or  a  Ca*^-slimulatcd 
protein  kinase 

Another  mechanism  that  appears  to  operate  m  many  cells  is  activation  of  the  PC 
phospholipases  directly  or  indirectly  by  protein  kinase  C  Thus  the  addition  of  synthetic 
forms  of  DAG  or  active  phorbol  esters  promotes  PC  hydrolysis  in  many  tissues  (Table 
4)  One  hypothesis  explaining  the  role  of  protein  kinase  C  is  that  the  activation  of 
PIPj  hydrolysis  by  Ca^"^ -mobilizing  agonists  generates  a  small  (“trigger”)  amount 
of  DAG  that  activates  protein  kinase  C  initially  Activation  of  the  kinase,  in  turn, 
leads  to  the  activation  of  PC  phospholipases  D  and  C*‘  Because  activation  of  these 
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phospholipases  generates  DAG  cither  directly  through  phospholipase  C  action  or 
through  a  coupled  phospholipase  D/PA  phosphohydrolase  reaction,  the  scheme  would 
result  in  a  positive  feedback  on  protein  kinase  C  leading  to  continuous  activation  of 
the  two  phospholipases,  and  hence  in  sustained  production  of  PA  and  DAG 

Although  not  relevant  to  the  P^ypunnergic  system,  there  are  several  reports 
showing  that  PC  hydrolysis  can  be  induced  by  growth  factors/'  The  mechanisms 
involved  are  not  known,  but  could  involve  the  phosphorylation  of  PC  phospholipases 
or  regulatory  proteins,  by  growth  factor  receptor  tyrosine  kinases. 

The  physiological  significance  of  agontst>induced  PC  breakdown  remains  unclear, 
pnncipaily  because  the  phenomenon  is  of  relatively  recent  discovery.  Observations  m 
several  cell  types,  however,  indicate  that  PC  is  the  major  source  of  the  DAG  that 
accumulates  in  stimulated  cells,  especially  after  the  first  few  minutes  of  agonist  ac¬ 
tion.** Because  the  molecular  species  of  DAG  formed  from  PC  arc  capable  of 
activating  protein  kinase  C,^^  PC  hydrolysis  could  play  a  major  role  in  the  regulation 
of  this  enzyme. 

An  interesting  point  relates  to  the  fact  that  PC  is  the  major  phospholipid  of  all 
mammalian  cells  and  is  present  at  a  cellular  concentiation  several  hundred-fold  higher 
than  PIPj.*’  '*  This  means  that  it  could  provide  a  larger  amount  of  DAG  for  a  longer 
period  of  time  than  could  PIPj.  Although  both  phospholipids  can  be  regenerated  by 
resynthesis,  the  cellular  rates  are  unknown.  Another  point  of  interest  is  that  PIPj 
appears  to  be  localized  to  the  plasma  membrane,*’  whereas  PC  is  present  in  all  cell 
membranes  **  Thus  part  of  the  hydrolysis  of  PC  induced  by  agonists  could  be  occurnng 
m  membranes  other  than  the  plasma  membrane,  leading  to  interesting  possible  mech¬ 
anisms  of  cellular  control. 

There  are  some  indications  that  PC  hydrolysis  is  involved  m  long-term  cellular 
regulation.  For  example,  m  fibroblasts  stimulated  with  epidermal  growth  factor,  PC 
breakdown  with  attendant  elevation  of  DAG  can  persist  for  up  to  4  hr.’*  In  other 
situations,  the  elevation  of  DAG  or  PA  or  the  breakdown  of  PC  has  been  observed 
to  proceed  for  1  hr  or  more.’’ *’***“  In  all  these  situations,  the  expenments  could  have 
been  continued  longer.  In  summary,  these  observations  suggest  that  PC  hydrolysis 
may  be  important  for  cellular  changes  involving  long-term  activation  of  protein  kinase 
C  or  sustained  elevation  of  DAG  or  PA. 

In  addition  to  activating  protein  kinase  C,  PC-derived  DAG  may  act  as  a  source 
of  arachtdonic  acid  for  eicosanoid  production.  In  contrast  to  the  known  cellular  actions 
of  DAG,  the  physiological  functions  of  PA  remain  obscure.  Although  several  roles 
have  been  ascrib^  to  this  lipid,’*  none  of  these  seems  entirely  convincing  In  many 
cells,  PA  acts  as  an  important  source  of  DAG  through  the  action  of  PA  phospho¬ 
hydrolase,”  but  It  is  unclear  why  DAG  should  be  produced  from  PC  by  a  two-step 
reaction  involving  phospholipase  D  and  PA  phosphohydrolase  rather  than  directly 
by  phospholipase  C.  Perhaps  DAG  produced  via  PA  arises  at  different  cellular  sites 
and  has  different  functions  compared  with  DAG  produced  directly.  In  any  event,  PA 
accumulation  is  very  rapid  and  substantial  in  most  cells  stimulated  by  Ca’*^ -mobilizing 
agonists,  and  it  seems  reasonable  to  propose  that  PA  has  some  significant  signaling 
function(s)  It  is  also  possible  that  the  other  products  of  PC  hydrolysis,  choline  and 
phosphocholme,  act  as  cellular  signals  in  some  cells  To  date  there  have  been  few 
studies  of  the  cellular  changes  in  these  compounds,  and  no  physiological  roles  have 
been  suggested,  apart  from  choline  acting  as  a  substrate  for  acetylcholine  synthesis 

In  summary,  PC  hydrolysis  induced  by  certain  hormones,  neurotransmitters,  and 
growth  factors  has  now  been  shown  to  be  a  widespread  phenomenon  in  mammalian 
tissues  Sp^ific  functions  for  PC  hydrolysis  in  cellular  regulation  remain  elusive  It 
seems  likely,  however,  that  PC  hydrolysis  plays  an  important  role  in  certain  responses 
to  these  agonists,  especially  those  occurnng  on  a  longer  time  scale 
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A.  S.  Dahms  (San  Diego  State  University,  San  Diego.  CA  )*  Presumably  there  must 
be  a  regulated  phosphatidic  acid  phosphatase  that  fits  into  this  scheme 
Exton.  Yes 

Dahms*  Your  observation  that  DAG  may  have  alternate  actions  is  important. 
Certainly  there  have  been  indications  of  such  m  the  literature,  but  these  arc  not  well 
documented  I  would  like  to  call  your  attention  to  a  poster  this  afternoon  that  bears 
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upon  a  putative  ecto-ATPasc  from  skeletal  muscle.  The  data  show  potent  DAG 
inhibition  to  the  ATPase,  as  well  as  inhibition  by  phorbol  esters,  including  the  4‘a* 
phorbols,  which  are  ineffective  toward  protein  kinase  C  Additionally,  the  ATPase  is 
activated  by  sphingosine  The  data  are  consistent  with  a  complete  shutdown  of  the 
ecto-ATPase  under  conditions  where  protein  kinase  C  is  fully  active 

ExtoN’  Yes,  I  am  certain  that  there  are  undiscovered  regulatory  actions  of  DAG. 

I.  Friedberg  (Tel  Aviv  University.  Tel  Aviv,  Isrc'l):  Did  you  find  conditions  under 
which  extracellular  ATP  induces  Ca^^  mobilization  without  activation  of  protein 
k.nase  C? 

Exton:  The  question  has  not  been  explored  at  length,  that  is,  with  different 
concentrations  of  ATP  tested  at  different  times  This  is  a  very  important  point,  that 
IS,  to  see  if  Ca**  mobilization  can  be  induced  without  protein  kinase  C  activation  or 
vice  versa.  We  are  currently  conducting  experiments  to  test  both  possibilities 

D.  Satchell  (University  of  Melbourne.  Melbourne,  Victoria,  Australia).  Choline 
acts  on  cholinergic  receptors  at  approximately  one  thousandth  of  the  concentration 
of  acetylcholine.  Do  you  consider  that  the  choline  foraied  in  your  system  could  be 
acting  on  cholinergic  receptors  and  having  an  action  in  this  way? 

Exton:  We  have  not  measured  the  levels  of  extracellular  choline  that  are  achieved 
in  our  expenments.  We  do  not,  however,  observe  effects  of  added  acetylcholine  or 
carbamycholine  in  our  expenments,  so  I  do  not  feel  that  this  is  likely  in  our  system 

J.  S  Wiley  (Austin  Hospital.  Heidelberg.  Australia)'.  Are  there  good  data  that 
relate  increased  levels  of  cell  membrane  diacylglycerol  and/or  phosphaiidic  acid  to 
uncontrolled  cell  growth  or  oncogenesis? 

Exton:  This  is  a  complex  question,  and  the  answer  is  equally  complex.  First, 
many  growth  factors  (EOF,  PDGF,  IL-I,  IL»3)  increase  diacylglycerol,  in  part 
through  phosphatidylcholine  hydrolysis,  but  it  is  unclear  what  role  this  plays  m  growth 
stimulation.  Second,  addition  of  phosphatidic  acid  has  been  shown  to  induce  mito* 
genesis  in  certain  cells.  Third,  transformation  of  certain  cells  by  the  Ha^ms  oncogene 
or  Kirtsen  sarcoma  virus  is  associated  with  an  increase  in  diacylglycerol  that  is  not 
due  to  phosphoinositide  breakdown  Again,  it  is  not  known  what  role  this  increase 
plays  in  phenotypic  transformation. 

T  D.  White  (Dalhousie  University.  Halifax.  Nova  Scotia.  Canada).  Stimulation 
of  sympathetic  nerves  stimulates  adenylate  cyclase'independent  glycogenolysis  in  the 
liver  Also,  ATP  stimulates  adenylate  cyclasc’indepcndent  glycogenolysis  in  hcpalo- 
cytes.  Do  you  think  that  this  signal  transduction  is  mediated  via  inositol  phosphate 
sources  or  from  phosphatidylcholine  hydrolysis? 

Exton.  The  stimulation  of  glycogenolysis  in  hepatocytes  by  ATP  is  entirely 
attnbutable  to  the  stimulation  of  phosphatidylmositol  bisphosphate  hydiolysis  to  yield 
inositol  tnsphosphate  which  mobilizes  intracellular  calcium.  There  is  no  evidence  that 
phosphatidylcholine  hydrolysis  plays  a  role 
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INTRODUCTION 


Considerable  progress  has  been  made  in  the  last  decade  in  the  delineation  of  the 
molecular  mechanisms  of  signal  transduction  associated  with  cell  surface  receptors 
for  a  variety  of  hormones,  neurotransmitters,  and  other  receptor>directed  signaling 
molecules.  Association  of  most  receptors  with  specihc  ion  channel  activities  or  second 
messenger  pathways  has  been  established,  and  in  the  case  of  a  rapidly  increasing  set 
of  receptors  of  vanous  classes,  the  gene  for  the  receptor  has  been  clon^  and  a  nascent 
understanding  of  the  important  structural  features  of  the  receptor  protein  has  been 
achieved.’** 

As  has  been  the  case  for  the  receptors  for  most  extracellular  signaling  molecules, 
the  cell  surface  receptors  for  adenosine  (P,-purinergic  receptors)  and  ATP  and  ADP 
(Pj'punnergic  receptors)  were  initially  characterized  by  classical  pharmacological 
studies  using  intact  tissue  preparations  in  vitrof^  An  amalgamation  of  biochemical 
and  pharmacological  studies  quickly  led  to  the  subclassihcation  of  P|*punnergic  re* 
ceptors  into  A, -receptors  and  Aj-receptors/  The  A, -receptors  inhibit  adenylate  cyclase 
and  the  Aj-receptors  activate  adenylate  cyclase,  although  other  signaling  mechanisms 
may  be  responsible  for  the  effects  of  adenosine  in  some  target  tissues.  Both  A'  d>^d 
A]-receptor$  have  been  directly  characterized  with  a  cadre  of  radioligands,  and  inroads 
into  purification  of  the  r^^pto^  proteins  au  being  made.’'*  Much  less  is  known  about 
the  biochemical  mechaMsms  associated  with  Pj-punnergic  receptor  action  Bumstock 
and  Kennedy*  prop^^ed  in  1985  that  Pj-purinergic  receptors  could  be  subclassified 
into  P2X*  and  Pjy-punnergic  receptors,  and  recent  studies  suggest  that  at  least  one 
additional  P,-punncrgic  receptor  exists  The  Pjy-purinergic  receptor  and  probably 
a  third  type  of  Pj'punnergic  receptor  have  been  shown  to  stimulate  inositol  phosphate 
accumulation  and  elevation  of  cytoplasmic  Ca*^  levels  in  a  vanety  of  target  cells,’**'’* 
but  the  details  of  this  potential  P}-punnergic  receptor-mediated  signaling  mechanism 
have  not  been  delineated  There  have  been  reports  that  suggest,  but  are  far  from 
proving,  that  P2x'punnergic  receptors  may  have  inhibitory  effects  on  adenylate  cy¬ 
clase.'*  A  summary  of  the  pharmacological  classihcation  of  Pj-punnergic  receptor 
subtypes  and  their  possible  association  with  second  messenger  signaling  systems  1$ 
presented  in  Table  1 
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Turkey  erythrocytes  express  Pjypurincrgic  receptors  that  markedly  stimulate  phos* 
pholipase  C  (Fig.  1).  This  can  be  observed  as  an  increase  in  inositol  phosphate 
accumulation  in  intact  erythrocytes'*  or  as  a  guanine  nucleotide-dependent  stimulation 
of  enzyme  activity  measured  in  a  broken  cell  preparation.'^  Using  the  signaling  response 
in  turkey  erythrocyte  membranes  as  a  model  system,  we  have  initiated  investigations 
into  the  nature  of  Pjy'punnergtc  receptor  coupling  to  phospholipase  C,  particularly 
as  it  relates  to  the  kinetics  of  receptor-promoted  stimulation  of  the  enzyme  by  guanine 
nucleotides'^  and  to  the  potent!^  role  of  G  protein  and  y-subumts."  Moreover, 
the  turkey  erythrocyte  has  a  number  of  advantages  as  a  means  of  directly  identifying 
and  purifying  the  components  of  a  receptor-regulated  phospholipase  C  signaling  sys¬ 
tem  As  such,  we  have  recently  purified  to  apparent  homogeneity  a  phospholipase  C 
from  turkey  erythrocytes'*  and  have  shown,  by  reconstitution  of  the  purified  150-kDa 
protein  with  turkey  erythrocyte  acceptor  membranes,^  that  this  protein  is  regulated 
by  PjY-punnergic  receptors  and  G  protein  by  properties  completely  analogous  to  the 
phospholipase  C  enzyme  activity  that  is  under  receptor  and  G  protein  regulation  in 
native  membranes.  In  this  review,  we  will  summarize  recent  progress  made  in  this 
laboratory  directed  at  1)  charactenzation  of  a  biochemical  response  (stimulation  of 
phospholipase  C)  to  Pjy-purinergic  receptor  activation  in  turkey  erythrocyte  mem¬ 
branes;  2)  direct  idcntihcation  by  reversible  radioligand  binding  of  this  membrane 
PjY-punnergic  receptor;  3)  direct  identihcation  of  the  P.V  -punncrgic  receptor  protein 
by  covalent  incorporation  of  a  photoaffimty  radioligand;  4)  solubilization  of  a  form 
of  the  turkey  erythrocyte  P,y-punncrgic  receptor  that  is  in  apparent  association  with 
a  G  protein,  and  5)  analysis  of  agonist-induced  desensitization  of  the  turkey  erythrocyte 
Pjy-punnergic  receptor  in  a  membrane  preparation. 


GUANINE  NUCLEOTIDE-DEPENDENT  REGULATION  OF 
PHOSPHOLIPASE  C  BY  P,y-PURINERGIC  RECEPTORS 


Out  of  a  screen  of  a  broad  range  of  hormones,  neurotransmiticrs,  growth  factors, 
and  other  receptor-active  substances,  we  discovered  that  ATP  and  ADP  were  effective 


ATP  (2MeSAIP.  AOPSS.  AOP) 


re<«ptof 


[-{phoipho- 
lipo>«  C 


Pt<n'»i4  5)?2 

diQcytglycgrol 


-"v 


lntn4.5)P3 


FIGURE  1.  A  model  for  the  receptor-regulated  phospholipase  C  of  turkey  erythrocytes  This 
Signaling  system  consists  of  a  minimum  of  three  protems.  a  cell  surface  Piy-punnergic  receptor, 
a  guanine  nucleotide  regulatory  protein  (Gx),  and  a  phospholipase  C  Phosphalidylinositol  4,5- 
bisphosphate  (PtdIns(4,S)P2)  is  the  pnncipal  substrate  for  the  activated  phospholipase  C,  and 
hydrolysis  of  this  substrate  results  in  the  release  of  dtacylglycerol  and  inositol  I,4,5-tnspho$phate 
(Ins(1.4.5)P,) 
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FIGURE  2.  ConcentfatJon*dcpcndcnt  activation  of  turkey  erythrocyte  pljospholipase  C  by  Pjv' 
punnergic  receptor  agonists  The  capacity  of  a  senes  of  agonists  to  stimulate  phosphomositide 
hydrolysis  was  determined  by  a  methodology  descnbed  m  detail  in  reference  17  The  data  arc 
presented  as  inositol  phosphates  released  from  ’H-labeled  membrane  phosphomositides  as  a 
function  of  agonist  concentration  UTP,  AMP,  and  adenosine  arc  without  effect  on  inositol 
phosphate  production. 


stimulators  of  inositol  phosphate  accumulation  in  turkey  erythrocytes  The  response 
to  a  senes  of  analogues  of  ATP  and  ADP‘*  was  in  general  agreement  with  that 
described  by  Bumstock  and  Kennedy*  for  a  Pj^ ‘punnergic  receptor,  and  this  P^y* 
punnergic  receptor^mediated  effect  was  preserved  in  membranes  prepared  from  turkey 
erythrocytes.’’ 

Our  initial  studies*'  “  of  the  G  protein-regulated  phospholipase  C  of  turkey  eryth* 
rocyte  membranes  were  earned  out  pnor  to  realization  of  the  presence  of  a  P,Y- 
punnergic  receptor  on  these  cells  Thus,  high  concentrations  of  ATP  were  used  m 
early  expenments  to  support  the  conversion  of  phosphatidylmositol  to  phosphatidyl- 
in(Mitol  4-monophosphate  and  phosphatidylmositol  4-monophosphate  to  phosphati- 
dylinositol  4,5-bisphosphate  We  later  demonstrated  that  dual  effects  of  ATP  occurred 
in  the  membrane  prepaiation  in  that,  in  addition  to  maintaining  membrane  phospha- 
tidylinositol  4,S-bisphosphate  levels  under  guanine  nucleotide-stimulated  conditions 
where  substrate  became  limiting,  concentrations  of  ATP  lower  than  those  necessary 
for  support  of  substrate  levels  stimulated  inositol  phosphate  production  through  a 
punnergic  receptor.**  This  effect  of  ATP  was  shown  to  be  absolutely  dependent  on 
the  presence  of  GTP  or  a  stable  analogue  of  GTP  ”  As  is  illustrated  in  Figure  2, 
the  concentration-dependent  effects  of  analogues  of  ATP  and  ADP  followed  an  order 
of  potency,  that  is,  2-Mc-S-ATP  >  ADP-/J-S  >  ATP-y-S  >  ATP  >  App(NH)p 
=  ADP  >  Ap(CHj)pp  >  App(CH2)p,  consistent  with  that  for  a  P^y-punnergic 
receptor.  The  large  and  relatively  long-lived  inositol  phosphate  response  of  the  turkey 
erythrocyte  membrane  preparation  has  f  jrmittcd  an  analysis  of  the  kinetics  of  receptor- 
and  G  protein-mediated  activation  of  a  phospholipase  C  Inositol  phosphate  production 
in  the  presence  of  the  stable  analogue  of  GTP,  GTP-y-S,  occurs  with  a  time  course 
that  exhibits  a  charactenstic  lag  ”  The  P,Y  -punnergic  receptor  agonists  increase  the 
rate  of  GTP-y-S-mediated  activation  of  phospholipase  C  in  a  concentration-dependent 
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and  saturable  manner  The  rate  of  activation  of  phospholipase  C  by  GTP-y-S  in  the 
presence  of  a  fixed  concentration  of  Pjy'punnergic  receptor  agonist  is  independent  of 
the  concentration  of  the  guanine  nucleotide.  GDP*/3>S  competitively  blocks  guanine 
nucIeotidC'StimuIated  phospholipase  C  activity  in  turkey  erythrocyte  membranes  In 
contrast,  GDP>)3'S  has  negligible  effects  on  phospholipase  C  activity  m  membranes 
preactivated  by  the  hydrolysis-resistant  GTP  analogues  (GTP-y-S  or  Gpp(NH)p); 
GTP-preactivated  enzyme  activity  rapidly  returns  to  basal  levels. 

These  kinetic  data  for  the  turkey  erythrocyte  Pjy-purinergic  receptor  and  G  protein- 
regulated  phospholipase  C  are  highly  reminiscent  of  the  properties  of  receptor-  and 
G  protein-regulated  adenylate  cyclase  in  this  and  other  tissues, and  suggest  a  model 
for  receptcr-mediated  activation  of  phc^pholipase  C  that  is  analogous  to  that  widely 
accepted  for  adenylate  cyclase.  Thus,  a  three-protein  signaling  system  of  receptor,  G 
protein,  and  phospholipase  C  can  be  envisioned  (FiC.  3).  In  the  ground  state,  it  is 
predictable  that  the  G  protein  exists  in  a  GDP-liganded  form,  and  the  kinetic  data 
with  turkey  erythrocyte  membranes  indicate  that  agonist-occupied  Pjy-punnergic  re¬ 
ceptors  promote  the  exchange  of  GTP  or  a  GTP  analogue  for  GDP  on  the  G  protein. 
This  rate-limiting  step  is  followed  by  productive  interaction  of  the  GTP-liganded  G 
protein  with  the  phospholipase  C  catalyst  resulting  in  the  active  enzymic  species.  The 
lifetime  of  this  active  complex  apparently  is  regulated  by  a  GTPase  activity  that 
returns  the  components  to  their  ground  state  of  GDP-liganded  G  protein  and  inactive 
phospholipase  C  Unambiguous  desenption  of  the  partial  reactions  involved  m  the 
catalytic  cycle  for  a  receptor-  and  G  protein-regulated  phospholipase  C  will  require 
punfication  of  each  component  and  reconstruction  of  the  functional  response  m  a 
model  membrane  preparation.  We  recently  have  punfied  the  turkey  erythrocyte  re¬ 
ceptor-  and  C  protein-regulated  phospholipase  C,****  and  attempts  are  currently  un¬ 
derway  using  this  purified  enzyme  in  an  assay  for  punfication  of  the  yet  to  be  identified 
phospholipase  C-associated  U  protein. 


FIGURE  3.  Model  for  receptor-promoted  ac'ivation  of  phospholipase  C  The  interaction  of 
three  proteins,  a  cell  surface  receptor  (R),  a  guanine  nucleotide  regulatory  protein  (G,),  and  a 
phospholipase  C  (C),  is  illustrated  Hormone  (H)-occupied  receptors  accelerate  the  exchange 
of  GTP  for  GDP  on  G^  This  is  the  ^te-Iimiting  step  in  hormonal  activation,  vnlh  the  GTP- 
hganded  C^now  functionally  activating  the  phospholipase  C  to  produce  an  increase  in  the  rate 
of  formatter  of  inositol  phosphate  and  diacylglycerol  (DAG)  second  messenger  products  The 
lifetime  of  the  active  GTP-G,-C  complex  is  governed  by  a  GTPase  activity,  which  is  mo!>t  likely 
an  inherent  function  of  G^  and  which  returns  the  system  to  the  basal  state  of  ODP-Iiganded 
G^and  inactive  C  This  model  does  not  take  into  account  the  likelihood  that  G,is  a  hetrrotnmenc 
G  protein  that  undergoes  dissociation  and  reassociation  during  the  aclivation/deactivation  cycle 
(see  reference  18)  It  should  also  be  pointed  out  that  this  is  almost  certainly  an  oversimplified 
model  with  the  omission  of  a  num^r  of  the  partial  reactions  that  constitute  (he  complete 
regulatory  cycle 
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FIGURE  4.  Structures  of  two  ligands  used  to  radiolabcl  Ptypunnergic  receptors 


DIRECT  IDENTIFICATION  OF  THE  PjyPURINERGIC  RECEPTOR 


Based  on  the  marked  response  of  the  turkey  erythrocyte  phospholipase  C  to  Pjy 
purinergic  receptor  agonists,  we  felt  there  was  a  strong  possibility  that  this  receptor 
could  be  directly  identified  with  a  high*aflinity  radioligand.  ADP*)3*S  (Fio  4)  is  one 
of  the  most  potent  P,Y‘Punnergic  receptor  agonists  and,  relative  to  2-Me*S*ATP,  is 
stable  to  hydrolysts.  As  such.  ( ’’$]  ADP«/}-S  was  synthesized  as  a  potential  radioligand 
for  labeling  P^v’purinergic  receptors  on  punfied  turkey  erythrocyte  plasma  membranes. 
(”S)ADP-;3-S  bound  to  a  single  high^affinity  binding  .site  with  a  /CjOf  5-10  nM  and 
a  of  approximately  3  pmol/mg  of  protein.”  This  density  of  binding  sites  is 
approximately  S^fold  higher  than  the  level  of  /3'adrenergic  receptors  in  the  same  tissue 
Radioligand  binding  was  inhibited  with  law  of  mass  action  kinetics  for  a  single  site 
by  a  senes  of  P,ypunnergic  receptor  agonists.  The  K,  values  calculated  from  com* 
petition  curves  fbr  these  compounds  were  essentially  identical  to  the  values  de¬ 
termined  for  the  same  agonists  for  activation  of  phospholipase  C  m  turkey  erythrocyte 
membranes  (Table  2),  Whereas  purinergic  receptor  agonists  inhibited  (”S]ADP-/?- 
S  binding  in  a  competitive  fashion,  guanine  nucleotides  inhibited  radioligand  binding 
noncompetitively  and  with  an  order  of  potency,  that  is,  GTP-y-S  >  Gpp(NH)p  > 
GTP  »  GDP  >  GDP-/J-S  >  GMP,  consistent  with  a  G  protein-mediated  effect. 
These  and  other  results  strongly  suggest  that  a  ternary  complex  of  agonist/receptor/ 
G  protein  exists  in  [*’S]ADP-^-S-labelled  turkey  erythrocyte  plasma  membranes. 

We  have  recently  initiated  studies  the  end  goal  of  which  is  the  purification  of  the 
turkey  erythrocyte  Pjy-purinergic  receptor.  Subsequent  to  solubilization  of  turkey 
erythrocyte  plasma  membranes  with  the  nonionic  detergent,  digitonin,  a  soluble  species 
can  be  labeled  with  (”S]ADP-/3-S  that  expresses  pharmacological  properties  of  a  P,y- 
purinergic  receptor.”  A  single  high-affinity  —  10  nM)  binding  site  was  identifi^ 
in  the  soluble  preparation,  and  P.r  -purinergic  receptor  agonists  competitively  inhibited 
radioligand  binding  with  K^  values  similar  to  those  observed  in  membrane  binding 
assays  Importantly,  this  soluble  ( ”S]ADP'/3-S  binding  site  was  still  noncompetitively 
regulated  by  guanine  nucleotides,  suggesting  that  a  complex  of  Pjy’punnergic  receptor 
and  G  protein  is  stable  to  solubilization.  The  capacity  to  radiola^l  this  soluble  species 
presents  the  p<^ibility  of  not  only  purifying  the  receptor,  but  of  also  identifying  its 
associated  G  protein. 
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Another  useful  tool  for  the  direct  study  of  the  turkey  erythrocyte  Pjv-punnergic 
receptor  has  been  developed.  A  photoaffinity  analogue  of  ATP,  3'*0-(4*ben* 
zoyl)benzoyl  ATP  (Bz-ATP,  see  Fig.  4),  activat^  turkey  erythrocyte  membrane  Pjy 
punnergic  receptors  and  phospholipase  C  in  a  guanine  nucleotide-dependent  fashion 
Although  the  effects  of  Bz-ATP  were  fully  reversible  in  the  absence  of  photolysis, 
after  exposure  of  Bz-ATP-prcincubatcd  membranes  to  UV  light,  a  mark^  increase 
in  the  inositol  phosphate  response  to  guanine  nucleotides  was  observed.  This  effect 
was  dependent  on  the  concentration  of  Bz-ATP,  and  reversibly  binding  Pjypunnergic 
receptor  agonists  protected  against  this  irreversible  effect  of  Bz-ATP  when  present 
with  Bz-ATP  at  the  time  of  photolysis.  Bas^  on  these  results,  we  have  concluded 
that  Bz-ATP  is  a  Piy-punnergic  ra^cptor  agonist,  which  after  photolysis  becomes 
irreversibly  associated  with  turkey  erythrocyte  membranes  and  promotes  Pjy-pun- 
nergic  receptor-mediated  guanine  nucleotide-dependent  activation  of  phospholipase  C. 

The  results  with  nonradioactive  Bz-ATP  suggested  that  Bz-ATP  can  be  photom- 


TABLE  2.  Comparison  of  the  Capacity  of  ATP  and  the  Analogues  of  ATP  to 
Activate  Phospholipase  C  and  to  Inhibit  (”S)ADP-/3-S  Binding  to  Pjy-Punnergic 
Receptors' 


Agonist 

Activation  of 
Phospholipase  C 

(if..) 

Inhibition  of 
('‘S1ADP-/3-S  Binding 
(K) 

2.Me-S-ATP 

to  nM 

10  nM 

ADP.^-S 

30 

3$ 

ATP 

105 

too 

ADP 

130 

140 

App(NH)p 

400 

330 

a./J-Me-ATP 

4 

4 

/J.y-Mc-ATP 

to 

15 

‘Turkey  erythrocyte  membranes  were  used  to  generate  wncentration-effcct  curves  for  the 
capacity  of  a  senes  of  agonists  to  activate  phospholipase  C  in  the  presence  of  1  fiM  GTP-y-S 
(see  reference  17)  The  Aq,  values  determined  in  this  manner  are  compared  to  the  A,  values 
determined  for  the  same  agonists  measunng  their  capacity  to  competitively  inhibit  [’'SlADP- 
/i-S  binding  (see  reference  25) 


corporated  into  the  turkey  erythrocyte  Pjypunnergic  receptor  With  this  idea  in  mind, 
we  have  synthesized  [”PjBz-ATP  as  a  potential  covalent  photo-radiolabcl  for  the 
Pjy-punnergic  receptor  protein.  In  the  absence  of  photolysis,  (”P]Bz-ATP  reversibly 
interacted  with  a  binding  site  on  turkey  erythrocyte  plasma  membranes  with  properties 
very  similar  to  those  observed  with  [’’SJADP-^-S,  and  consistent  with  those  for 
interaction  of  a  radioligand  with  a  Pjypunnergic  receptor.^*  Upon  photolysis  of 
prelabeled  plasma  membranes,  [  ”PJBz-ATP  was  incorporated  into  a  53,000-Da  pro¬ 
tein  identified  after  autoradiography  of  SDS  polyacrylamide  gels.  Photolabehng  was 
inhibited  by  analogues  of  ATP  and  ADP  with  a  potency  order  consistent  with  that 
for  a  Pjy-punnergic  receptor.  Guanine  nucleotides  also  inhibited  photoincorporation 
with  an  order  of  potency  consistent  with  effects  on  the  G  protein  component  of  a 
ternary  complex  of  (”PjBz-ATP/receplor/G  protein”  {“PJBz-ATP  was  also  pho- 
toincorporated  into  a  53,00()-Da  species  in  membranes  from  other  tissues  (for  example, 
rat  liver,  brain,  and  astrocytes)  in  which  Pjv*punnergic  receptor-mediated  responses 
occur,  (^^P]Bz-ATP  failed  to  label  such  a  species  in  tissues  (for  example,  human 
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platelets  and  human  erythrocytes)  where  there  is  no  evidence  for  the  existence  of  Pjy* 
purinergic  receptors 

Taken  together,  our  results  with  Bz-ATP  and  {“P)Bz-ATP  suggest  that  this 
photolabel  can  be  used  to  irreversibly  label  and  activate  P^y-punnergic  receptors  This 
capacity  to  covalently  label  a  53,000-Da  protein  exhibiting  characteristics  of  the  P2V 
punnergic  receptors  should  prove  very  useful  dunng  punheation  and  characterization 
of  this  important  signaling  molecule 


AGONIST-INDUCED  DESENSITIZATION  OF  P,yPUniNERGIC 
RECEPTOR-REGULATED  PHOSPHOLIPASE  C 


Agonist-induced  desensitization  of  second  messenger  signaling  systems  has  been 
broadly  described  for  all  of  the  major  signaling  pathways.  In  some  cases,  for  example, 
the  y3-adrenergic  receptor-regulated  adenylate  cyclase,  the  process  of  desensitization 
now  can  be  desenbed  in  molecular  terms.**“  In  contrast,  very  little  is  known  about 
the  mechanisms  responsible  for  agonist-induced  modification  of  inositol  phosphate/ 
Ca^^  signaling,  and  to  our  knowledge  there  have  been  no  reports  on  the  modifications 
that  may  occur  in  Pjv'purinergic  receptors  and  their  associated  signaling  proteins 
dunng  prolonged  exposure  of  target  cells  to  ATP,  ADP,  or  their  analogues.  In  light 
of  this  lack  of  knowledge,  we  have  taken  advantage  of  the  turkey  erythrocyte  as  a 
model  system  to  examine  the  molecular  mechanisms  responsible  for  agonist-induced 
desensitization  of  the  PjY'purmergic  receptor-regulated  phospholipase  C. 

Prcincubation  of  intact  erythrocytes  with  ADP-jS-S  or  other  P,y-punnergic  receptor 
agonists  resulted  in  a  rapid  (t,/2  =  2  min)  loss  of  the  capacity  of  Pjypunneregic 
receptor  agonists  to  stimulatae  phc^pholipase  0  m  membranes  denv^  from  these 
cells.”  The  membrane  response  reached  a  quasi-stcady  state  of  reduced  responsiveness 
(40-50%  of  control)  within  10  min  of  incubation  of  ceils  with  agonists,  and  this  level 
of  desensitization  was  essentially  maintained  over  a  several  hour  period  in  the  continued 
presence  of  agonist.  Transfer  of  cells  to  agonist-free  medium  resulted  in  a  rapid  (I1/2 
=  15  min)  return  of  PjY'purinergic  receptor-stimulated  phospholipase  C  activity  to 
control  levels  The  kinetic  properties  of  the  receptor-  and  G  protein-regulated  phos¬ 
pholipase  C  have  been  studied  m  membranes  from  agonist-premeubated  cells.  Desen- 
sitization  occurred  as  a  loss  01  maxima!  effect  of  PjY-punnergi.  receptor  agonists  on 
phospholipase  C  activity  with  change  occumng  in  the  apparent  affinity  of  agonists 
for  stimulation  of  the  enzyme.  No  change  occurred  in  the  capacity  of  GTP-y-S  alone 
to  stimulate  the  enzyme,  and  the  capacity  of  the  G  protein  activator,  AIF*',  to 
stimulate  phospholipase  C  activity  was  also  unchanged.  Although  there  was  no  change 
in  the  rate  of  activation  of  phospholipase  C  observed  with  GTP-y-S  alone,  the  capacity 
of  ADP-y3-S  to  increase  the  rate  of  activation  by  OTP-y-S  was  markedly  reduced  in 
membranes  from  agonist-preincubated  cells. 

Taken  together,  these  results  indicate  that  agonist-induccd  desensitization  of  the 
turkey  erythrocyte  P^y-purinergic  receptor-regulated  phospholipase  C  occurs  as  a 
consequence  of  a  modification  at  the  level  of  the  Pjy-purinergic  receptor  or  at  the 
level  of  receptor/G  protein  coupling  In  preliminary  expenments,  we  have  begun  to 
apply  the  recently  developed  P,y  -punnergic  receptor  radioligands  to  the  study  of  the 
desensitization  process.  For  example,  premcubation  of  turkey  erythrocytes  with  Par- 
purinergic  receptor  agonists  resulted  in  a  loss  of  (’^]ADP-^-S  binding  in  membranes 
prepared  from  these  cells.  The  time  course  of  loss  of  radioligand  binding  coincided 
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with  the  time  course  of  loss  of  agonist-stimulated  phospholipase  C  activity  in  the  same 
membranes  Furthermore,  recovery  of  radioligand  binding  m  membranes  from  agonist- 
preincubated  erythrocytes  that  had  been  transferred  to  agonist-free  medium  coincided 
with  recovery  of  receptor-regulated  enzyme  activity.  The  loss  of  [”S]ADP-)3-S  binding 
in  membranes  from  desensitized  cells  occurred  as  a  decrease  in  with  no  change 
occurring  in  the  of  the  remaining  sites  for  radioligand  Because  high-affinity 
[”S]ADP-^-S  binding  apparently  represents  a  ternary  complex  between  radiolabeled 
agonist,  receptor,  and  G  protein,  these  results  do  not  discriminate  between  an  agonist- 
induced  modification  of  the  receptor  per  se  and  an  agonist-induced  alteration  in  some 
portion  of  either  the  receptor  or  G  protein  necessary  for  protein-protein  association 

We  have  begun  to  explore  the  mechanisms  that  may  be  responsible  for  agonist- 
mduced  desensitization  of  the  Pivpurinergic  receptor  signaling  system  of  turkey  eryth¬ 
rocytes  Second  messenger-regulated  protein  kinases  have  been  shown  to  have  im¬ 
portant  regulatory  effects  on  a  vanety  of  cell  surface  receptors  and  their  associated 
effector  proteins,  and  have  been  shown  to  be  involved  in  several  forms  of  agonist- 
induced  desensitization.^^**  Production  of  diacylglycerol  and  activation  of  protein 
kinase  C  occur  as  a  consequence  of  receptor-stimulated,  phospholipase  C-catalyzed 
phosphomositide  hydrolysis.  Studies  with  intact  cells  suggest  that  in  some  cases  agonist- 
induced  desensitization  of  receptor-regulated  phospholipase  C  involves  a  feedback 
modification  of  the  signaling  system  by  diacylglycerol-aclivated  protein  kinase  C.**** 
As  such,  we  have  examined  the  potential  role  of  protein  kinase  C  in  the  desensitization 
of  the  PjY'Punnergic  receptor  response  of  turkey  erythrocytes. 

Activation  of  protein  kinase  C  m  intact  turkey  erythrocytes  with  the  phorbol  ester, 
4/?-phorbol  I2/?-mynstate  13a-acetate  (PMA),  r^ulted  in  a  rapid  loss  of  P^ypuri- 
nergic  receptor-stimulated  phospholipase  C  activity  m  membranes  prepared  from  these 
cells.**  The  loss  of  responsiveness  occurred  with  properties  similar  to  those  observed 
in  membranes  from  PjY*punnergic  receptor  agonist-pretreaied  cells.  Thus,  there  was 
a  loss  of  receptor-stimulated  phospholipase  C  activity  that  was  observed  as  a  decrease 
in  the  maximal  effect  of  agonists  with  no  change  occurring  in  the  apparent  affinity 
for  activation.  The  capacity  of  GTP-y-S  or  A1F4'  to  activate  phospholipase  C  was 
unchanged,  but  the  capacity  of  P.Y  •purinergic  receptor  agonists  to  stimulate  the  rate 
of  activation  of  the  enzyme  by  GTP-y-S  was  greatly  diminished.  As  with  agonist- 
induced  desensitization,  the  effect  of  PMA  on  responsiveness  of  phospholipase  C  to 
receptor  activation  was  mirrored  by  quantitatively  similar  time-  and  concentration 
(of  PMA)-dependcnt  losses  of  (“SjADP-^-S  binding.  Thus,  as  with  agonist-induced 
desensitization,  the  PMA-induccd  loss  of  responsiveness  of  the  turkey  erythrocyte  Pjy- 
punnergic  receptor/phospholipase  C  apparently  occurs  as  a  consequence  of  a  lesion 
at  the  level  of  the  PjY'Punnergic  receptor  or  at  the  level  of  receptor/G  protein  coupling. 
Does  this  mean  that  agonist-indued  desensitization  occurs  as  a  consequence  of  ac¬ 
tivation  of  protein  kinase  C?  Preliminary  data  suggest  this  is  not  the  case,  as  conditions 
that  apparently  down-regulate  protein  kinase  C  in  turkey  erythrocytes  did  not  ap¬ 
preciably  modify  the  course  or  extent  of  PjY-punnergic  receptor  agomsl-induced  de¬ 
sensitization.  Expenments  are  underway  to  more  clearly  define  the  relationship  between 
agonist-induced  desensitization  and  phorbol  ester-induced  loss  of  responsiveness 


SUMMARY 


The  turkey  erythrocyte  has  substantial  value  as  a  model  for  the  study  of  a  receptor 
that  exhibits  pharmacological  properties  very  similar  to  those  delineated  in  mammalian 
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tissues  for  a  Pjy-punncrgic  receptor  The  G  protein>dependent  coupling  of  this  receptor 
to  phospholipase  C  can  be  studied  in  detail,  and  the  availability  of  an  abundant  source 
of  homogeneous  cells  from  which  highly  punhed  plasma  membranes  can  be  prepared, 
has  led  to  the  development  of  a  radiolabeled,  reversibly  binding  radioligand  for  a  Pjy- 
punnergic  receptor  and  a  photoafHnity  covalent  radiolabel  for  this  receptor.  This 
source  of  plasma  membranes  highly  ennehed  in  PjY'Punnergic  receptors  should  also 
serve  as  a  nch  starting  material  for  the  eventual  punhcation  and  structural  charac* 
tenzation  of  this  important  signaling  protein. 
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ATP  ACTS  AT  P,v*PURINOCEPTORS  ON  ENDOTHELIUM 


£ndothelium*depcndent  vasodilatation  tn  response  to  ATP  was  first  described  by 
De  Mey  and  Vanhoutte '  It  was  subsequently  demonstrated  that  this  action,  now 
known  to  be  due  to  the  synthesis  and  release  of  endothelium^denved  relaxing  factor 
(EDRF,  nitnc  oxide),*  occurred  by  stimulation  of  Pj^purinoceptors,  that  is,  those 
recognizing  ATP  or  ADP  but  not  AMP  or  adenosine.*  The  use  of  ATP  analogues, 
such  as  2*methylthio«ATP  (more  potent  than  ATP)  and  L»ATP  (almost  inactive), 
indicated  further  that  the  P^^punnoceptor  on  endothelium  mediating  the  generation 
of  EDRF  IS  of  the  P^y  subtype/  according  to  the  classification  of  Bumstock  and 
Kennedy.* 

Concurrent  expenments  with  endothelial  cells  in  culture  showed  that  ATP  or  ADP 
acting  at  Pj’punnoceptors  stimulated  the  transient  release  of  prostacyclin  (PGl2).^ 
The  receptor  was  again  subtyped  as  Pjvhy  the  use  of  a  variety  '•f  analogues  *  Despite 
some  apparent  differences  in  the  relative  abilities  of  certain  ATP  analogues  at  stim* 
ulating  EDRF  and  PGIj  release,  the  most  straightforward  conclusion  is  that  both  of 
these  responses  are  triggered  by  the  binding  of  ATP  to  a  single  Pj-purinoceptor 
subtype.*  Nonetheless,  there  are  significant  differences  in  the  time  course  of  each 
response,  its  desensitization,  and  its  dependence  on  extracellular  calcium,  which  in¬ 
dicate  that  discrete  intracellular  transduction  pathways  are  likely  to  be  involved  in 
the  generation  and  regulation  of  EDRF  and  PGL.* 


P,v-PURINOCEPTOR  ACTIVATION  REGULATES 
CYTOSOLIC  [Ca*^3 


Pirotton  et  al  first  demonstrated  that  in  endothelial  cells,  as  had  already  been 
shown  in  several  other  cell  types,  ATP  acting  at  Pjv-punnoceptors  caused  a  rapid 
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and  transient  increase  in  inositol  l,4,5*tnsph<»phate  concentrations,  implying  that 
release  of  Ca  from  internal  stores  was  likely  to  provide  a  major  transduction  signal. 
The  use  of  endothelial  wlls  loaded  with  Ca**«scnsitive  fluorescent  dyes  (indo-1,  fura- 
2)  also  demonstrated  directly  that  addition  of  ATP  caused  a  rapid  and  transient  nsc 
in  cytosolic  [Ca  More  detailed  studies  confirmed  that  the  Ca*"*^  response  was, 
as  expected,  mediated  by  action  at  Pjvpunnoceptois,  and  delineated  clearly  two  phases 
of  the  response  The  initial  Ca**  spike  is  due  to  the  release  of  Ca**  from  internal 
*f*^i*”  of  extracellular  Ca**  there  is  in  addition  a  maintained  elevation 

of  Ca  ,  stable  for  >  10  min,  that  is  lower  than  the  initial  peak  but  well  above  resting 


V  '"  *'  »>ular  ionized  calcium  m  fora.2-loailed  human  umbilical  vein 

cells  stimulated  with  ATP  ( .  pM)  Fluorescence  svas  moralored  at  500  nm  to  record  the 
rwponse  to  at  340  "mand  380  nm  (A  &  B-notc  ratioed  traces)  or  at  340  nm  and 

360  nm  (C  &  D)  Elevation  of  Ca  has  two  phases  an  mitial  transient  spike  due  to  release 
from  internal  storB  and  a  maintained  lower  level  The  latter  phase  requires  Ca=*  entry,  which 
.“I'  of  «Mfy  of  divalent  cations  in  response  to 

ATP  IS  shown  by  the  addition  of  Mn*  ,  which  is  translocated  (unless  blocked  by  Ni**)  and 
quenches  fluorescence  at  all  excitation  wavelengths,  mcluding  360nm,  which  ts  mscnsittvc  to  Ca** 


response  requires  influx  of  extra- 


cytosolic  [Ca**J  This  second  phase  of  the  Ca* 
cellular  Ca’*  for  its  maintenance 

For  other  agonists  that  evoke  similar  changes  in  cyltBohc  Ca’*  in  endothelial  cells 
(thrombin,  histamine),  it  has  been  demonstrated  that  the  cation  channel  also  trans- 
locates  Mn  (which  allows  direct  detection  of  influx  because  Mn**  quenches  the 
fluorescence  of  fura-2)  and  is  blocked  by  Nt’*,'*  and  we  have  recently  found  that 
ATP  acts  similarly  (Fig.  1)."  The  channel  is  not  gated  by  alterations  in  membrane 
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potential  and  is  insensitive  to  dihydropyridine  Ca^*  antagonists,’^’*  and  thus  represents 
a  receptor-operated  channel  that  may  be  activated  by  direct  or  indirect  coupling  to 
the  PjY-punnoceptor,  or  may  be  regulated  by  the  state  of  the  internal  Ca**  store 


Pav-MEDIATED  TRANSIENT  ELEVATIONS  OF  CYTOSOLIC  [Ca*^] 
ARE  NECESSARY  AND  SUFFiaENT  TO  GENERATE  PGI, 

The  peak  and  steady  state  elevations  in  cyt(»oltc  [Ca^*^]  share  an  identical  dose- 
related  response  curve  to  ATP,  whose  minimally  active  concentration  is  ^  1  /iM,  and 
the  same  dose-response  relationship  is  also  found  for  ATP-stimulated  PGIjSynthesis.” 
To  determine  whether  elevations  in  cytosolic  Ca**  were  necessary  for  PGI,  synthesis 
in  response  to  ATP,  endothelial  cells  were  treated  m  the  absence  of  extracellular  Ca^*^ 
with  a  high  dose  of  histamine  to  deplete  the  internal  stores,  and  then,  after  sufficient 
mepyramme  to  antagonize  any  further  action  of  histamine  completely,  ATP  was  added. 
Under  these  conditions,  elevations  of  cytosolic  Ca^*^  and  PGI^  synthesis  induced  by 
ATP  were  both  blocked 

ATP-stimulated  PGI,  release  occurs  to  a  similar  extent,  and  for  a  similarly  bncf 
time  (2-3  min  after  a  lag  of  15-30  sec),  m  the  presence  or  absence  of  extracellular 
Ca**,”  It  IS  therefore  likely  that  Ca**  from  internal  stores  normally  provides  the 
major  or  exclusive  source  of  Ca**  required  for  PGI,  synthesis.  Moreover,  if  there  is 
no  other  regulatory  mechanism  to  switch  off  PGI,  production,  for  PGI,  synthesis  to 
continue  cytosolic  [Ca^'^]  must  be  elevated  above  a  threshold  somewhat  greater  than 
the  maintained  steady  state  level.  When  this  was  tested,  by  concomitantly  measuring 
PGI,  release  and  peak  cytosolic  (Ca**^}  with  vanous  doses  of  ATP,  it  was  found  that 
PGI,  synthesis  was  directly  related  tocytosolic  [Ca**],  but  only  occurred  when  (Ca*"^) 
^07  jiM,  compared  with  a  resting  level  of  ^  1  Moreover,  the  identical  dose 
relationship  between  cytosolic  (Ca**)  and  PGI,  release  was  observed  when  PGI, 
synthesis  was  stimulated  by  the  addition  of  ionomycin  (Fig.  2)**  This  result  implies 
that  ATP-induced  elevation  of  cytosolic  [Ca^*]  is  a  sufficient  signal  to  account  for 
PGI,  release,  and  that  any  other  transduction  signal  generated  by  the  agonist  (such 
as  diacylglycerol)  mays  no  direct  role.  The  likely  site  of  action  of  Ca^*^  is  on  phos¬ 
pholipase  A],  the  enzyme  at  the  rate-limiting  step  m  prostanoid  production,  and  an 
enzyme  known  to  be  activated  by  increasing  (Ca**] 


DESENSITIZATION  OF  PGI,  SYNTHESIS 


PGI,  release  in  response  to  a  vanety  of  agonists,  including  ATP,  is  rapidly  and 
powerfully  desensitized  either  in  the  continued  presence  of  the  agonist  or  when  the 
endothelial  cells  are  sequentially  expe^  bnefly  to  the  agonist  at  short  intervals  ‘* 
Although  under  certain  conditions  (for  example,  at  very  short  time  intervals  or  in 
the  absence  of  extracellular  Ca^*^)  desensitization  may  be  due  to  inadequate  refilling 
of  internal  Ca^**  stores,  in  general  this  is  not  the  explanation  because  the  desensitization 
process  is  agonist  specific.’* 

To  test  whether  activation  of  protein  kinase  C  (PKC)  (for  example,  via  diacyl¬ 
glycerol  generated  with  inositol  trisphosphate'^)  played  a  role  in  this  process,  cells 
were  bnefly  pretreated  with  phorbol  mynstatc  acetate  (PMA)  Under  these  conditions, 
PMA  alone  did  not  alter  resting  cytosolic  Ca**^  or  cause  PGI,  synthesis,  but  dose- 
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FIGURE  2.  Dose-response  relationship  between  peak  cytoplasmic  Ca**  and  prostacyclin  (PGI,) 
release  in  human  umbilical  vein  endothelial  cells  m  response  to  lonomycm  (♦),  ATP  (Q),  or 
the  more  potent  Pjy  agonist  2-chloro* ATP  (  O  )•  Reproduced  from  reference  1 3,  with  permission 

dcpendcntly  inhibited  both  the  peak  and  steady  state  elevations  of  cytosolic  [Ca^^] 
m  response  to  ATP.‘*  Paradoxically,  however,  PMA  at  the  same  time  enhanced 
endothelial  PGIj  synthesis/'  PKC  activation  thus  seems  unlikely  to  be  involved  m 
desensitization  of  PGI2  release,  but  it  does  disrupt  the  normal  relationship  between 
cytosolic  (Ca**)  and  PGIj  release,  by  shiAing  the  Ca**  activation  curve  to  the  left 
and  lowering  the  threshold  level  of  cytosolic  (Ca**]  needed  to  induce  PGIjSynthesis  “ 
The  mechanism  underlying  this  is  not  known,  but  is  plausibly  an  effect  (either  direct 
or  indirect)  of  PKC  on  phospholipase  A, because  PMA  does  not  affect  arachidonale- 
stimulated  PGIiSynthesis.’*  Recently,  any  role  for  PKC  in  homologous  desensitization 
of  PGIj  release  m  response  to  repeated  addition  of  ATP  was  ruled  out,  by  showing 
that  under  conditions  m  which  desensitization  of  ATP-induced  elevation  in  cytosolic 
[Ca'*]  induced  by  pretreatment  with  PMA  was  completely  reversed  by  the  PKC 
inhibitor  staurosporine,  staurosponne  failed  to  affect  a  similar  degree  of  desensitization 
induced  by  brief  pre-exposure  of  the  cells  to  ATP  (Fio  3) 

The  underlying  mechanism  for  homologous  desensitization  of  PGIj  release  thus 
has  still  to  be  determined.  It  may  be  relevant  to  this  that  Pjypunnoceptor  activation 
causes  the  rapid  phosphorylation  of  a  vanety  of  as  yet  undefined  endothelial  cell 
proteins,  several  of  which  are  not  PKC  substrates Furthermore,  it  has  been  shown 
recently  in  3T6  fibroblasts  that  ATP  acting  at  Pty-punnoceptors  induces  inositol 
phosphate  production  without  activating  PKC” 


STEADY  STATE  ELEVATION  OF  CYTOSOLIC  [Ca**] 


Although  the  steady  state  elevation  of  cytosolic  [Ca**]  in  the  continued  presence 
of  extracellular  ATP  (or  other  agonists)  does  not  contnbute  to  the  generation  of 
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PGIj,  it  seems  likely  to  play  an  important  role  in  the  regulation  of  EDRF  production. 
Direct  evidence  is  not  yet  available,  but  several  observations  suggest  this.  The  (Ca^*] 
elevation  is  longdived,  resists  rapid  desensitization  even  on  repeated  stimulation  with 
increasing  doses  of  ATP/’  requires  extracellular  and  is  powerfully  inhibited  by 
PMA.‘*  EDRF  production,  in  contrast  to  PGIiproduction,  is  relatively  long-lasting;^' 
cumulative  dose-response  curves  to  ATP  can  produced  readily/  and  it  is  blocked 
by  activation  of  PKC.** 

In  platelets  and  smooth  muscle  cells,  Pj-purinoceptor-mediated  entry  of  divalent 
cations  is  extremely  rapid  ( <  1  sec)  and,  from  electrophysiological  measurements  in 
patch-clamp  studies,  apparently  does  not  require  the  generation  of  any  soluble  trans¬ 
duction  signal.*^”  In  endothelium,  however,  there  is  a  delay  of  several  seconds  between 
addition  of  ATP  and  the  detection  of  cation  influx,*’  which  suggests  that  coupling  of 
Pjy-punnoceptor  occupation  to  the  opening  of  the  cation  channel  in  endothelial  cells 
is  indirect,  although  more  work  is  needed  to  determine  the  pathways  involved. 


CONCXUSION 


Several  further  endothelial  cell  responses  to  P,y*punnoceptor  activation  have  been 
described  (reviewed  in  reference  26),  including  efflux  of  K*  (dependent  on  Ca** 
influx)  and  efflux  of  choline  The  functional  effects  of  these  responses,  however,  are 
not  known.  This  review  has  focused  particularly  on  the  mechanisms  by  which  ATP, 
acting  at  endothelial  Pjy-punnoceptors,  causes  elevations  m  cytosolic  [Ca^*^];  has 
presented  evidence  for  the  central  role  of  Cc**  release  from  internal  stores  m  the 
resultant  synthesis  of  PGI,;  and  has  indicated  that  by  contrast  EDRF  production  may 
be  much  more  dependent  on  the  consequent  sustain^  entry  of  Ca**  through  receptor- 
operated  cation  channels.  Future  studies  will  be  directed  at  the  definition  of  the 
molecular  targets  that  respond  to  elevation  of  cytosolic  [Ca*^)  by  initiating  the 
synthesis  of  PGIjand  EDRF,  and  of  the  mechanism  by  which  PGljSynthesis  is  down- 
regulated  in  an  agonist-specific  manner. 


♦  Staurosponne 

FIGURE  3.  Peak  cytoplasmic  Ca’*  responses  in  human  umbilical  vein  endothelial  cells  pre¬ 
treated  with  PMA  (20  nM)  or  ATP  (10  ^M)  in  the  presence  or  absence  of  staurosponne  (90 
nM)  and  then  rechallenged  with  ATP  (10  pM)  The  expenment  demonstrates  that  protein 
kinase  C  is  not  involved  in  homologous  desensitization.  Cells  were  exposed  for  7  min  to  vehicle 
alone  or  phorbol  ester,  or  for  5  min  to  ATP  plus  2  mm  wash,  before  rechallengmg  Each  bar 
snows  the  S  E  of  four  observations 
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DISCUSSION  OF  THE  PAPER 


S.  P.  SOLTOFF  {Tufts  University,  Boston,  MA).  The  results  regarding  the  effects  of 
ATP  on  [Ca^*].  (a  rapid  elevation  and  a  fall  to  a  sustained  elevated  level)  are  similar 
to  reports  in  other  systems  regarding  the  effects  of  bradykinm.  1 )  Do  these  cells 
respond  to  bradykinm  with  a  similar  alteration  m  {Ca^'"],?  2)  If  bradykinm  also  causes 
a  maintained  elevation,  does  this  mean  that  ATP  does  not  activate  an  ATP-gated 
channel? 

Pearson.  1)  Yes,  bradykinm  produces  very  similar  responses,  as  demonstrated 
elegantly  by  Schilling  and  colleagues  (^m.  y. 255:  H219-H227,  1988)  2)  This 
demonstrates  that,  unlike  m  smooth  muscle  cells  or  platelets,  there  is  a  substantial 
lag  time  before  -punnoceptor  activation  causes  cation  entry,  suggesting  that  this 
channel  is  not  directly  receptor  coupled  but  is  gated  by  a  second  messenger.  Thus 
the  entry  mechanism  could  be  the  same  when  bradykinm  is  used  as  an  agonist,  but 
this  idea  has  not  yet  been  tested 

F.  Belloni.  Given  the  facts  that  I)  the  same  relation  between  the  intracellular 
Ca^'*’  transient  and  prostacyclin  release  holds  for  a  variety  of  agonists  including  ATP 
and  ionomycin,  and  2)  protein  kinase  C  activation  can  shift  this  relation,  do  you 
conclude  that  ATP  docs  not  activate  protein  kinase  C  in  endothelial  cells? 

Pearson.  Our  tentative  conclusion  is  that,  if  ATP  does  lead  to  activation  of 
protein  kinase  C,  the  extent  or  time  course  of  activation  is  not  sufficient  to  alter  PGIj 
release.  We  are  currently  testing  directly  the  ability  of  ATP  to  activate  protein  kinase 
C  m  these  cells.  Our  conclusion  also  depends  on  the  assumption  that  ionomycin  does 
not  lead  to  activation  of  protein  kinase  C,  which  we  have  not  tested,  but  has  been 
shown  by  Halldorsson  e/ a/  (Arteriosclerosis  S:  147-154,  1988). 

E  Rojas  (National  Institute  of  Diabetes  and  Digestive  and  Kidney  Diseases,  Be- 
thesda,  MD))  Do  you  have  any  information  on  the  Ca**  pump  m  endothelial  cells? 
The  reason  for  my  question  is  that  in  the  absence  of  extracellular  Ca*^  you  were  able 
to  induce  PGIj  secretion  by  using  ATP  activation  The  presence  of  a  Ca**  pump 
should  remove  very  effectively  the  Ca^*  released  by  the  ER  as  a  typical  for  the 
pump  IS  in  the  nanomolar  range  for  Ca*^ 

Pearson:  PGIj  release  is  essentially  independent  of  extracellular  (when  cells 

are  exposed  to  a  single  dose  of  agonist)  because  release  from  internal  stores  is  sufficient 
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to  tngger  PGI2  synthesis;  the  transience  of  the  response  is  due  to  the  short  time  for 
which  [Ca^*],  remains  above  the  threshold  needed.  The  subsequent  steady  state 
[Ca*"*^),  elevation  presumably  reflects  a  balance  between  the  entry  of  Ca*'*’  (which  as 
I  noted  continues  for  many  minutes  after  addition  of  ATP)  and  the  removal  of  Ca^* 
by  sequestration  back  to  internal  stores  or  pumping  out  of  the  cell.  We  are  currently 
investigating  whether  protein  kinase  C  activation  stimulates  Ca^^  efflux  or  blocks 
Ca*^  entry  to  achieve  its  effect  when  blocking  the  steady  state  [Ca**J,  elevation. 

E,  W.  Westhead  {University  of  Massachusetts,  Amherst,  MA).  Data  we  have 
obtained  with  bovine  chromaffin  cells  support  your  final  suggestion  that  entry  of  Ca**, 
seen  in  the  second  phase  of  the  Ca^^  transient,  is  the  critical  component  for  secretion. 
In  chromaffin  cells,  the  Ca**  transient  induced  by  ATP  is  almost  independent  of  the 
presence  of  extracellular  Ca**,  but  secretion  absolutely  requires  external  Ca**.  Like¬ 
wise,  UTP  produces  a  Ca**  transient  almost  identical  to  that  produced  by  ATP,  but 
causes  no  secretion  So  in  some  cells,  the  fura-2  signal  caused  by  release  of  Ca^^  from 
internal  stores  is  not  relevant  to  secretion. 


ATP-Gated  Channels  in  Vascular 
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INTRODUCTION 


There  is  considerable  evidence  that  ATP  is  an  excitatory  sympathetic  cotransmitter 
(see  the  review  by  Bumstock  and  Kennedy'),  and  it  is  well  established  that  ATP,  on 
release,  generates  fast  excitatory  junction  potentials  in  some  arteries^  and  other  smooth 
muscles  such  as  the  vas  deferens  *  These  contractile  actions  of  ATP  in  smooth  muscle 
appear  to  be  due  to  activation  of  the  P^x  subtype  of  punnoceptor.*  In  a  variety  of 
other  tissues,  such  as  heart*  and  sensory  neurons,*  extracellular  application  of  ATP 
also  causes  depolanzation  by  the  activation  of  inward  currents. 

In  vascular  smooth  muscle,  ATP  is  generally  thought  to  stimulate  contraction  by 
activating  a  mainly  Na*  permeable  conductance  that  depolanzes  the  cell,*  allowing 
Ca**  entry  through  voltagC'gated  Ca**  channels.'  Palch-clamp  techniques  have  al¬ 
lowed  detailed  study  of  the  ATP-activated  channels  m  vascular  smooth  muscle,  re¬ 
vealing  that  the  conductance  is  cation  selective,*  and  that  the  channels  are  closely 
coupled  to  the  ATP  receptor.*®  Results  from  current  reversal  potential  measurements 
suggest  that  the  channels  are  permeable  to  Ca**  with  a  selectivity  of  3.1  over  Na"*^.*® 
This  comparatively  low  Ca**  selectivity  of  the  chan-  ’  and  the  much  higher  concen¬ 
tration  of  Na*  present  m  extracellular  saline  gave  ;  calculated  Ca**  influx  of  less 
than  10%  of  the  total  ATP-activated  current.  C  ilculations  based  on  the  modified 
Goldman  equation  depend  on  assumptions  about  the  mechanism  of  ion  permeation 
through  ion  channels  that  are  often  not  valid,  espec>:  ^r  Ca'*-permeable  channels." 
This  could  lead  to  large  errors  in  estimates  of  seh  twity,  particularly  for  mixed 
conductances  such  as  the  ATP-activated  currents 

Puause  of  this  uncertainty  about  the  relevance  of  tlus  Ca*"*^  entry  pathway  m  the 
Ca*^  economy  of  vascular  smooth  muscle  cells,  direct  neasuremenls  of  {Ca^*].have 
been  made  in  smooth  muscle  cells  during  ATP  applicatt  >n  to  see  whether  influx 
thiough  ATP-gated  channels  was  sufficient  to  elevate  iCa**].  and  hence  affect  the 
contractile  state  of  the  cell.  These  results  also  suggest  tin  about  10%  of  the  current 
through  ATP-gated  channels  is  earned  by  Oi**  ions  at  —60  mV,  sufficient  to  sig¬ 
nificantly  elevate  (Ca**],in  these  single  cells.  Thus  ATP-activated  channels  have  a 
dual  excitatory  function,  depolanzing  the  cell  leading  to  voltage-gated  Ca**  entry, 
and  functioning  as  a  direct  Ca**  entry  pathway. 
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METHODS 

Ce//  Preparation 


Smooth  muscle  cells  were  enzymatically  dissociated  from  the  central  ear  '^rtenes 
of  adult  New  Zealand  White  rabbits  (as  previously  described^)  and  stored  on  glass 
coverslips  at  4  ‘C  for  use  the  same  day. 


Membrane  Current  and  fluorescence  Measurements 


Cells  were  normally  bathed  in  an  extracellular  solution  containing  the  following 
(constituent,  mM).  NaCl,  130;  KCl,  5;  glucose,  10,  CaCI„  1.5;  MgCl,.  1.2;  HEPES, 
10  (buffered  to  pH  7.3  with  NaOH).  For  patch*clamp  experiments  without  tCa**)i 
measurements,  the  pipette  filling  (intmcellular)  solution  usually  contained  the  follow* 
ing  (constituent,  mM):  CsCl,  130,  MgClj,  3,  HEPES,  5,  EGTA,  10  (buffered  to  pH 
7.2  with  TEA*OH)  For  the  (Ca**), measurements,  the  pipette  solution  was  made  up 
in  MilliQ  water  and  in  most  experiments  contain^  the  following  (constituent,  mM): 
KCl,  125;  MgClj,  2;  HEPES,  10.  mdo*l  (K*$alt,  Molecular  Probes),  0.1  (buffered  to 
pH  7,2  with  NaOH),  No  other  Ca**  buffers  were  added  to  the  pipette  solution. 

Patch*clamp  experiments  were  performed  using  standard  techniques.'^  Combined 
voltage-clamp  and  fluorescence  measurements  were  performed  as  desenbed  previ¬ 
ously, The  apparatus  has  also  been  desenbed  elsewhere.” 

Briefly,  voltage-clamp  and  membrane  current  recording  were  made  with  standard 
patch-clamp  techniques  using  a  List  EPC-7  patch-clamp  amplifier.  Tlic  (Ca*'^),was 
estimated  from  indo-1  fluorescence  by  the  ratio  method  using  single-wavelength  ex¬ 
citation  and  dual  emission.'^*’  Single  cells  loaded  with  indo-1  from  the  patch  pipette 
were  centered  under  a  window  created  by  a  hole  (diameter;  20  microns)  placed  in 
the  emission  beam.  On  breakthrough  to  whole-cell  mode,  loading  could  be  monitored 
from  the  emitted  light,  which  reached  cquilibnum  3-5  min  after  breakthrough  with 
counts  of  10  to  50  times  background  (0.1  mM  indo-1).  Recording  was  started  at  this 
point. 

After  background  subtraction,  {Ca**J, was  estimated  from  the  405/480  ratio  using 
a  calibration  for  mdo-1  determined  within  cells.'* 


RESULTS 


Agonist  Specificity  of  ATP’Acthated  Currents 


ATP-gated  current  responses  in  the  car  artery  cells  were  subject  to  strong  desen- 
sitization.  As  a  consequence,  it  was  impossible  to  evoke  repetitive  responses  to  ATP. 
Even  aifer  10  min,  wash  responses  had  only  recovered  to  about  20%  of  the  first 
response.  This  prevented  quantitative  dose-response  data  from  being  obtained.  Over 
a  senes  of  expenments  m  different  cells,  however,  some  idea  of  agonist  potency  could 
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FIGURE  1.  Activation  of  inward  currents  in 
single  car  artery  cells  held  under  voltag^clamp 
at  -60  mV  by  (A)  10"*  M  ATP,  (B)  10"’ 
M  AMP-CPP,  and  (C)  5  X  lO'*  M  ADP. 
Agonists  were  applied  for  0  5  sec  by  pressure 
ejection  from  a  wide>bore  patch  pipette  po$i< 
ttoned  within  0  2  mm  of  the  cell.  Records  are 
from  three  different  cells  In  A,  the  cell  mem* 
brane  potential  was  periodically  hyperpolar* 
ized  by  10  mV.  In  B  &  C,  depolanzations  to 
0  mV  were  made  for  150  msec  every  second. 


be  obtained.  In  whole*cell  recordings,  concentrations  of  ATP  as  low  as  10"'  M 
activated  small  currents.  Maximal  responses  were  reached  between  10“'  and  10"'  M 
ATP.  a,/3*Mcthylcne  ATP  (AMP-CPP)  was  of  roughly  similar  potency  at  10"’  M 
It  was  able  to  evoke  responses  similar  to  those  evoked  with  ATP  at  10"’  M  (Fig.  1). 
In  smooth  muscle  cells  from  vas  deferens,  where  ATP  activates  a  rather  similar 
conductance,  AMP*CPP  was  much  less  effective  than  ATP."  In  the  car  artery  cells 
ATP«y*S  also  had  effects  similar  to  those  of  ATP.  ADP  was  much  less  potent,  evoking 
only  very  small  currents  even  at  0,5  mM  (Fio.  1C).  AMP  and  adenosine  were 
ineffective  at  this  concentration.  These  results  are  consistent  with  p»  •punnoceptor 
activation,"  As  both  ATP'"  and  divalent<ation*compIexed  ATP  arc  effective  (Fio. 
2),"  the  mechanism  in  these  smooth  muscle  cells  is  clearly  different  from  the  non* 


A  ATP 


FIGURE  2.  ATP  activates  unitary  inward  currents 
in  isolated  outside^>ut  membrane  patches  In  A, 
10"*  M  ATP  was  applied  to  a  patch  held  at  -  lOO 
mV  bathed  in  extracellular  solution  containing  i  10 
mM  Ca’*  Many  channels  were  activated  simulta¬ 
neously  in  this  patch.  In  B,  the  trace  shoi^-s  the 
response  of  another  patch  held  at  — 100  mV.  This 
patch,  however,  was  bathed  in  normal  saline  solu¬ 
tion.  A  puffer  pipette  containing  10"^  M  ATP  was 
brought  up  close  to  the  patch  between  the  second 
and  third  traces  (indicat^  by  the  arrow)  The  un¬ 
itary  current  amplitude  was  0  89  pA  Note  the  com* 
plex  kinetics  (Traces  the  result  of  unpublished 
expenments  perfonned  with  R  W  Tsien  at  Yale 
University  Medical  School.) 
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specific  increase  in  membrane  permeability  seen  m  mast  cells,  which  seems  to  be 
exclusively  dependent  on  the  presence  of  the  ATP*"  moiety.” 


Receptor  Channel  Coupling  and  Ca**^  Permeability 


Application  of  ATP  to  isolated  outside^ut  membrane  patches  activated  inward 
unitary  currents  at  negative  potentials.  Currents  were  activated  with  very  little  delay 
(Fig.  2A),  consistent  with  studies  on  whole  cells  using  ionophoretic  application  of 
ATP  where  latencies  of  less  than  100  msec  were  recorded.*  Large  numbers  of  channels 
could  be  activated  in  a  single  patch,  as  shown  in  Figure  2A,  where  about  30  channels 
were  simultaneously  open  at  the  peak  of  the  current  response  In  some  patches,  and 
particularly  if  the  concentration  of  ATP  was  reduced,  it  was  often  possible  to  activate 
no  more  than  one  or  two  channels  simultaneously,  revealing  features  of  the  unitary 
currents.  Figure  2B  shows  records  from  a  patch  bathed  m  normal  saline  solution 
where  no  more  than  two  channels  were  active  simultaneously.  The  channel  activity 
showed  quite  complex  kinetics  with  openings  of  hundreds  of  milliseconds  interspersed 
with  brief,  fiickery  events.  Detailed  analysis  was  not  possible  because  of  the  rapid 
desensitization  that  occurred  when  channel  activity  completely  stopped.  These  isolated 
patch  experiments  suggest  that  the  receptor  channel  coupling  must  be  quite  tight 
without  the  involvement  of  readily  diffusible  second  messengers  It  is  difficult,  however, 
to  exclude  the  possibility  that  a  membrane*bound  cofactor  such  as  a  G  protein  is 
involved  without  doing  more  experiments. 

FiGU'tE  2A  shows  that  the  ATP«gatcd  channeb  are  Ca’^  permeable,  and  reversal 
potential  m^'isurement$  from  whole  cells  suggest  that  the  selectivity  ratio  for  Ca^*^ 
over  Na*"  was  Bil.  The  reliability  of  these  estimates  would  depend  in  part  on  the 
degree  of  independence  of  ion  permeation  through  these  channels  Addition  of  l.S 
mM  Ca**  back  to  the  130  mM  Na**contaimng  external  solution  did  reduce  the 
unitary  current.”  A  recording  of  unitary  currents  in  1.5  mM  Ca**’*containing  external 
solution  1$  shown  in  Figure  2B.  Currents  are  about  20%  smaller  than  in  the  absence 
of  any  divalent  cations.  This  reduction  can  be  interpreted  in  terms  of  binding 
sites  within  the  pore  "  Doing  so  brings  into  question  the  interpretation  of  the  reversal 
potential  measurements  Thus  it  was  of  interest  to  use  a  more  direct  method  of 
ascertaining  the  importance  of  this  channel  as  a  Ca^*  entry  pathway. 


ATP'Activated  Inward  Current  is  Associated  with  a  Rise  in  [Ccd'^Jt 


Figure  3A  shows  simultaneous  recordings  of  membrane  current  and  [Ca**  ],  from 
a  cell  bathed  in  normal  saline  (1.5  mM  Ca^*)  and  loaded  with  pipette  solution 
containing  10"*  M  indO'l.  Application  of  10"*  M  ATP  to  this  cell  held  under  voltage- 
clamp  evoked  an  inward  current  that  reached  a  peak  of  about  500  pA  and  then 
declined  in  the  continued  presence  of  ATP.  The  apparent  delay  in  onset  of  response 
to  ATP  reflects  the  dead  space  in  the  solution  exchange  system  Hyperpolanzing 
voltage  jumps  to  —80  mV  were  used  to  monitor  the  cell  conductance  and  the  access 
resistance.  Dunng  the  ATP  response  the  voltage  jumps  evoked  larger  inward  current 
steps,  showing  that  there  was  an  increase  in  membrane  conductance  A  nse  in  (Ca^*], 
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from  140  nM  to  300  nM  was  associated  with  this  inward  current.  The  [Ca^*]„  was 
also  transient,  but  declined  more  slowly  than  the  current  The  maximum  rate  of  nse 
of  [Ca^^],  coincided  with  the  peak  of  the  inward  current— as  would  be  expected  if 
this  were  the  cause  of  the  nse. 


A 


B 

10  mV  t 


FIGURE  3.  Bath  application  of  ATP  elevates  vascular  smooth  muscle  cells  under 

voltage-clamp  (A)  Membrane  potential  {top),  membrane  current  {middle),  and  estimated  ( Ca*  * }, 
{bottom)  raponses  of  a  single  rabbit  ear  artery  celt  to  bath  application  of  10~*  M  ATP  (horizontal 
bar)  in  the  presence  of  1  5  mM  Ca^*.  Bnef  hyperpolanzing  voltage  steps  were  made  throughout 
the  recording  to  monitor  cell  input  resistance  and  pipette  senes  resistance  (Reproduced  from 
Benham^*  with  permission  )  (B)  Another  cell  expos^  to  a  bnef  puffer  pipette  application  of 
10"’  M  ATP  Note  the  biphasic  current  response 

The  current  response  was  biphasic  in  cells  that  showed  a  large  nse  in  [Ca^*  ].,  the 
usual  inward  current  being  followed  by  a  large  outward  current  as  Ca*^  rose  within 
the  cell  (Fig  3B)  Net  outward  currents  were  seen  when  the  nse  in  (Ca**), exceeded 
350  nM,  close  to  the  [Ca**]. expected  to  open  significant  numbers  of  Ca*^*activated 
K*  channels  at  this  membrane  potential  of  —60  mV  ” 
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Effect  of  Extracellular  Ca^*  Removal 


Removal  of  extracellular  Ca**  did  not  inhibit  the  ATP-activated  inward  current 
Inward  currents  of  similar  amplitude  were  seen  (peak  amplitude*  256  ±  60  pA,  N 
=  5),  presumably  due  to  monovalent  cation  movement  through  the  ATP-activated 
channels  (Fig.  4)  Biphasic  responses  with  secondary  outward  currents,  however, 
were  abolished,  and  there  was  very  little  change  in  The  very  small  rise  in 

[Ca^'*^],seen  in  two  of  these  live  cells  (one  of  which  is  shown  in  Fio.  4)  could  be  due 
to  residual  Ca^*  in  the  bathing  medium,  as  no  Ca^^  chelator  was  add^.  So,  the  rise 
in  seemed  to  be  dependent  on  extracellular  Ca^^  and  was  thus  unlikely  to  be 
due  to  intracellular  Ca^^  store  release  stimulated  by  generation  of  a  second  messenger 
such  as  inositol  trisphosphate.  Effective  voltage>clamp  of  these  cells  under  these 
conditions*  means  that  it  is  unlikely  that  any  depolarization  occurs  during  the  ATP 
response  that  might  open  voltage-gated  channels  leading  to  Ca^*^  influx  through 
this  route.  However,  as  release  of  Ca**  stores  may  also  be  triggered  by  a  nse  in 
{Ca**],in  some  cells, some  of  the  increase  in  (Ca**),sccn  in  response  to  ATP  could 
still  be  due  to  Ca^*^-induccd  Ca^*  release 


Prerelease  of  Internal  Ca**  Stores  Does  Not  Affect  Response  to  ATP 


Cells  were  pretreated  with  caffeine  or  noradrenaline,  which  both  cause  store  release 
in  arterial  smooth  muscle  cells.”  ATP  was  then  applied  to  these  store-depleted  cells. 
Both  noradrenaline  and  caffeine  stimulated  a  nse  in  [Ca^^  ],and  an  associated  outward 
current  that  declined  back  to  basal  levels  in  the  continued  presence  of  these  com¬ 
pounds.”  After  [Ca^*],  returned  to  basal  levels,  the  application  of  ATP  evoked  an 
inward  current  and  a  nse  in  (Ca**)„  as  in  untreated  cells  The  increase  after  nora- 
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®  i  ATP  lO^M 

FIGURE  4,  Response  of  a  cell  bathed  in  nominally  Ca^^-free  saline  to  application  of  ATP  by 
pressure  ejection  from  a  micropipette  Note  how  the  magnitude  and  time  course  of  the  ATP- 
activated  current  are  similar  to  those  in  Figure  3.  Also  note,  however,  the  complete  absence 
of  a  Ca**,  signal  The  traces  are  arranged  as  in  Figure  3A.  (Reproduced  from  Denham”  with 
permission ) 
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TABLE  1.  Responses  of  [Ca*^],  to  ATP  Application* 


Bathing  Solution 

N 

Basal 

fCa**). 

(nM) 

Peak 

(Ca’*), 

(nM) 

Control  (1  5  mM  Ca”.) 

6 

149  ±  9 

495  ±  105 

•f  Noradrenaline  (10  M) 

5 

174  ±  20 

348  ±  80 

-f  Caffeine  (10  mM) 

4 

176  ±  17 

572  t  72 

Ca**o-frec  solution 

5 

140  ±  14 

143  ±  13 

•  Basal  (Ca**l,  values  were  measured  over  the  tO  sec  preceding  ATP  application.  Peak  (Ca**J, 
values  were  taken  as  the  mean  over  1  sec  (five  points)  spanning  the  highest  point  Experiments 
were  started  in  control  solution,  and  then  the  bathing  solution  was  changed  to  the  test  solution 
40<  60  sec  before  applying  a  maximal  concentration  of  ATP  ( 10  '*•  10  ~  ’  M  in  the  bathing  solution 
or  10’’  M  pressure  ejected  from  a  widc*borc  patch  pipette).  No  Ca**  chelator  was  added  to 
the  Ca’^o'frre  solution.  Each  value  is  a  mean  ±  SEM.  (Adapted  from  Benham  ’*) 


drenaline  pretreatment  was  smaller,  and  after  caffeine,  larger— but  not  significantly 
so  (Table  1),  indicating  that  the  ATP  response  was  not  dependent  on  the  nora> 
drenaline*  or  caffcine*releasable  store.  These  results  are  consistent  with  most  of  the 
response  to  ATP  being  attnbuted  solely  to  Ca**  entry  with  little  contribution  from 
stores  At  least  those  stores  sensitive  to  noradrenaline  or  caffeine  did  not  appear  to 
be  involved 


The  ATP’Eveked  Rise  in  (C(P*J,ls  Voltage  Dependent 


If  the  Ca**  influx  that  was  responsible  for  the  rise  m  (Ca**),  was  through  the 
ATP*gated  channels  and  not  through  the  release  of  some  unidentified  store,  then  the 
signal  should  be  voltage  dependent  such  that  at  strongly  depolarized  potentials 
(where  the  dnving  force  for  Ca**  is  much  reduced)  there  should  be  negligible 
influx.  This  was  tested  by  applying  ATP  to  cells  held  at  depolarized  potentials  Cells 
were  perfused  with  pipette  solution  containing  CsCl  rather  than  KCl  to  eliminate 
outward  voltage-gated  K*  currents  that  might  obscure  responses  at  depolanzed  po¬ 
tentials,  and  nifedipine  was  added  to  the  bathing  solution  to  block  voltage-gated 
entry  at  depolanzed  potentials.  In  these  conditions,  ATP  evoked  inward  currents  at 
—60  mV  with  nscs  m  (Ca**],  comparable  to  responses  in  KC)-fl)led  cells  (Fig.  5). 
The  voltage  dependence  of  voltage-gated  channels  has  been  reported  to  be  shifted 
in  a  negative  direction  by  noradrenaline  m  some  vascular  smooth  muscle  cells, but 
not  in  these  ear  artery  cells  **  As  nifedipine  (an  L-type  Ca**  channel  antagonist)  did 
not  block  the  rise  in  [Ca*"*^],  evoked  by  ATP,  it  was  unlikely  that  ATP  was  raising 
[Ca**  J.by  allowing  voltage-gated  Ca**  channels  to  open  in  the  absence  of  any  change 
m  membrane  potential. 

For  a  holding  potential  of + 50  mV,  calculations  from  constant  field  theory  suggest 
that  very  little  inward  Ca*^  flux  should  occur  through  the  ATP-gated  channels.*’ 
ATP  evoked  outward  currents  but  with  insignificant  effects  on  (Ca**  l,m  all  four  cells 
tested  at  this  potential  (even  though  the  magnitude  of  the  outward  currents  suggested 
that  the  degree  of  ATP  receptor  activation  was  roughly  comparable) 
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A 


B 


+50  mV 


Q  1  ATP  10>JM  ATP  ip^jM 

FIGURE  5.  Voltage  dependence  of  changes  Responses  of  two  cells  bathed  in  saline 
containing  10'*  M  nifedipine  to  application  of  tO'*  M  ATP  <A)  Response  of  a  celt  at  a  holding 
potential  of  —60  mV.  (B)  Response  of  another  cell  at  a  holding  potential  of  +50  mV.  Note 
that  the  outward  current  is  not  associated  with  any  nsc  sn  For  these  experiments,  KCl 

in  external  and  pipette  solutions  was  replaced  with  NaO  and  KCI,  respectively,  so  that  outward 
K*  currents  did  not  obscure  the  ATP-gated  current  at  depolanzed  potentials.  (Reproduced  from 
Denham’*  with  permission.) 


Physiological  Role 


ATP  is  thought  to  be  an  excitatory  cotransmitter  with  noradrenaline  at  sympathetic 
nerve  terminals  on  vascular  smooth  muscle  cells.'  It  is  probable  that  the  ATP-gated 
conductance  generates  excitatory  junction  potentials  in  these  tissues.  The  properties 
of  the  ATP-activated  conductance  descnbed  here  are  consistent  with  the  conductance 
responsible  for  generating  the  fast  excitatory  junction  potentials  in  vascular  smooth 
muscle.  The  most  detailed  information  on  the  tmnsmitter>activated  current  is  provided 
by  the  work  of  Finkel  et  aV'  This  study,  using  short  segments  of  artenole  held  under 
voltage-clamp,  shows  that  the  current  has  a  reversal  potential  close  to  0  mV  with  a 
linear  current-voltage  relationship^until  the  membrane  potential  is  made  more  neg¬ 
ative  than  —60  mV,  when  inward  rectification  is  observed.  Scaling  of  the  cur- 
rent-voltage  data  from  Fmkel  et  aL  and  plotting  on  the  same  axes  as  the  ATP-gated 
current  in  ear  artery  cells  shows  the  close  resemblance  in  their  current-voltage  char¬ 
acteristics  (Fig.  6).  Clearly  this  is  not  a  very  ngorous  test,  but  it  does  illustrate  that 
the  ATP-gated  conductance  (the  transmitter  could  be  another  agonist  opening  the 
channels)  is  a  good  candidate  to  explain  this  neurally  mediated  fast  depolanzation. 
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ATP  activates  direct  receptor-gated  Na*  and  Ca^*  entry  at  resting  membrane 
potentials.  In  cells  that  are  not  held  under  voltage-clamp,  activation  of  ATP-gated 
channels  will  depolanze  the  cells  because  of  the  predominant  Na^  influx  This  will 
tend  to  limit  the  nse  in  [Ca**jt  through  the  ATP-gated  channels  by  reducing  the 
dnving  force  for  Ca**.  Significant  Ca**  entry,  however,  could  occur  over  a  period  of 
repeated  tonic  sympathetic  stimulation.  Also,  the  Ca*"*^  influx  through  these  channels 
would  be  maximized  if  other  simultaneous  hyperpolarizing  conductance  changes  oc¬ 
curred. 

A  further  factor  to  consider  is  the  anatomical  arrangement  of  the  tissue  as  the 
degree  of  innervation  varies.  Dunng  sympathetic  nerve  stimulation,  activation  of  the 
ATP-gated  channels  allows  discretely  graded  entry  of  Na^  and  Ca*  *■  into  cells  exposed 
to  transmitter.  This  will  be  most  important  in  the  smaller  arterioles  where  a  high 
proportion  of  the  smooth  muscle  cells  are  m  direct  contact  with  synaptic  varicosities, 
and  hence  directly  exposed  to  transmitter.^  The  depolarization,  however,  will  spread 
electrotonically,  and  on  strong  stimulation  a  propagating  wave  of  voltage-gated  Ca^^ 
entry  and  contraction  will  occur  in  association  with  action  potential  generation.^  The 
parallel  increase  in  [Na^J, might  also  have  implications  for  Ca**  homeostasis  through 
an  effect  on  the  Na*/Ca**  exchanger.  An  increa^in  (Na*].might  lead  to  an  increase 
in  (Gi^*],  through  this  mechanism.** 


SUMMARY  AND  CONCLUSION 


ATP  acting  through  P,x*punnoceptor$  activates  cation  channels  with  some  sim¬ 
ilarities  to  the  activation  of  channels  gated  by  acetylcholine  and  glutamate  (channels 
that  can  also  act  as  fast  excitatory  transmitters).  These  expenments  clearly  demonstrate 
an  ATP-mediated  Ca*^  influx  through  agonist-gated  channels  and  a  consequent  el¬ 
evation  of  [Ca** ),  in  these  single  vascular  smooth  muscle  cells.  The  combination  of 
the  ability  to  hold  these  cells  under  voltage-clamp  and  to  measure  (Ca**),  simulta¬ 
neously  has  allowed  us  to  exclude  other  po^ible  explanations  for  the  nse  in  (Ca**), 
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FIGURE  6.  Companson  of  cur- 
rcnt-voltage  relationship  for  ATP-ac- 
livaled  current  and  nerve-evoked 
excitatory  junction  currents.  One  set  of 
data  (O)  was  denved  from  excitatory 
junction  current  data  obtained  m  small 
segments  of  submucosal  artenolcs  ( Fin- 
lei  €t  al ")  Another  set  of  data  ( O ) 
represents  ATP-gated  currents  m  car 
artery  cells  (Benham  and  Tsien'®) 
Both  sets  of  data  were  normalized  to 
the  current  observed  at  —60  mV. 
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under  these  conditions.  Thus,  .‘Although  the  major  cation  cntenng  through  the  channels 
is  Na^,  ATP  receptor  activation  will  also  generate  subtle,  localized  increases  in  (Ca*”*^ 
These  increases  might  directly  activate  contractile  proteins  or,  if  insufficient  to  do 
this,  might  upregulate  other  Ca‘**dependent  enzymes  modulating  the  contractile 
process  and  provide  an  enhanced  source  of  Ca^^  for  uptake  into  internal  Ca**  stores. 
Further  understanding  of  the  physiological  role  of  this  conductance  pathway  may 
require  the  development  of  specific  receptor  antagonists  or  channel  blockers. 
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DISCUSSION  OF  THE  PAPER 


E.  M.  SlLlNSKY  {Northwestern  Medical  School  Chicago,  JL).  Given  that  it  is 
possible  to  consider  that  P,-purinoceptors  are  members  of  a  family  of  receptors  linked 
to  rapid  excitation  via  ion  channels  (this  family  includes  nicotinic,  SHT3,  and  glu¬ 
tamate  receptors),  is  (he  rate  of  recovery  from  desensitization  produced  by  Pjx  agonists 
dependent  upon  the  nature  of  the  agonist  (as  has  been  shown  for  nicotinic  receptors)? 
An  independence  would  suggest  that  the  rate-limitmg  step  m  recovery  would  be  due 
to  the  unliganded  desensitized  state  isomerizing  to  an  undesensitized,  activatable 
receptor.  It  might  be  possible  to  determine  whether  a  G  protein  is  involved  by  lowenng 
the  temperature  to  levels  at  which  G  proteiii-lmked  effects  would  be  impaired  (by 
impainng  the  dissociation  of  the  a  subunit  from  the  p  complex)  with  minimal  effects 
on  channels  directly  linked  to  agonist  binding  and  unlinked  to  G  proteins 

Benham:  I  agree  that  examining  the  temperature  dependence  of  the  response 
would  be  simple  to  do.  My  filing  is  that  the  channels  are  probably  directly  coupled 
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to  the  ATP  receptor— directly  analogous  to  the  acetylcholine  receptor  channel  The 
kinetic  experiments  of  Bruce  Bean  and  David  Fuel  support  this  interpretation 

E.  Rojas  {National  Institute  of  Diabetes  and  Digestive  and  Kidney  Diseases.  Be- 
thesda,  MD):  What  can  you  say  about  the  minimal  requirements  for  the  maintenance 
of  the  conductance?  You  showed  tndo-l  records  from  cells  in  which  the  cytoplasm 
was  exposed  to  the  solution  m  the  pipette  Did  you  get  these  records  with  physiological 
extracellular  medium? 

Benham:  All  the  expenments  in  which  cytoplasmic  Ca^^  was  measured  with 
indO'l  were  performed  with  a  normal  physiological  external  solution  containing  1.5 
mM  Ca^^.  The  pipette  solution  contained  no  Ca^'^  buffers  other  than  the  indo*!  itself 
(100  /iM)  and  for  most  expenments  was  potassium  chloride  based.  Thus,  the  cation 
gradients  were  as  close  as  possible  to  a  physiological  situation,  as  was  the  membrane 
potential  at  which  the  cells  were  held  (—60  mV).  So,  I  think  that  we  can  be  quite 
confident  that  a  sq,nificant  amount  of  Ca**  will  enter  the  cells  when  this  pathway  is 
activated. 

R.  I.  Hume  {University  of  Michigan,  Ann  Arbor,  MI):  The  responses  you  desenbed 
desensitize  quite  profoundly.  How  can  this  be  reconciled  with  the  idea  that  this  is  the 
fast  excitatory  neurotransmitter? 

Denham:  Desensitization  may  be  accentuated  in  these  dialyzed  cells,  or  rather, 
recovery  from  it  may  be  slowed  The  concentrations  of  ATP  used  were  maximal  doses. 
At  lower  concentrations,  say  10  nM,  smaller  currents  can  be  recorded  showing  much 
less  desensitization,  and  this  may  be  a  more  physiological  stimulus.  It  may  also  be 
relevant  that  transmitter  release  is  intermittent  so  that  individual  cells  are  not  exposed 
to  transmitter  following  every  stimulus. 
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INTRODUCTION 


There  is  mounting  evidence  that  extracellular  punnes  such  as  adenosine  and  ATP 
perform  important  functions  in  the  centra)  and  peripheral  nervous  systems,  where 
their  actions  are  mediated  by  occupation  of  P,*  and  Pj^purinoceptors,  respectively.  In 
order  to  elicit  these  responses,  the  purines  must  first  be  released  from  nerves  Since 
1977,  we  have  been  characterizing  the  release  of  ATP  and  adenosine  in  several  prep¬ 
arations  from  the  central  and  autonomic  nervous  systems.  The  release  and  actions  of 
adenosine  and  ATP  have  been  reviewed  extensively  elsewhere.**'®  Here  we  present 
some  of  our  findings  on  the  potential  sources  of  neuronally  released  ATP  and  adenosine. 
In  the  first  section  of  this  paper,  evidence  is  presented  that  ATP  is  corelcascd  with 
noradrenaline  from  sympathetic  nerves.  In  certain  cases,  however,  it  does  not  appear 
that  ATP  is  cosecret^  with  noradrenaline  from  noradrenergic  vesicles.  In  the  second 
section  of  this  paper,  we  present  evidence  that  depolarization-evoked  adenosine  release 
from  rat  brain  synaptosomes  occurs  via  the  nucleoside  transporter,  and  that  the 
synaptosomal  release  of  adenosine  varies  from  region  to  region  m  the  brain. 


SOURCE  OF  ATP  RELEASE  IN  THE  AUTONOMIC  NERVOUS 
SYSTEM 


Release  of  ATP  in  the  Autonomic  Nervous  System 


In  the  early  1970$,  Burnstock  et  ail"  first  proposed  that  punnergic  nerves,  which 
release  ATP  as  their  pnmary  neurotransmitter,  might  mediate  nonadrenergic,  non- 
cholinergic  (NANC)  relaxations  of  gastrointestinal  smooth  muscle.  He  and  his  col¬ 
leagues  showed  that  ( *H]adenosine  was  incorporated  into  (’H]ATP  in  the  guinea  pig 
taenia  coli  and  that  ( *ll]punne$  were  released  during  transmural  electneal  stimulation, 
about  33%  apparently  arising  from  the  nerves  and  the  remainder  from  the  smooth 

^This  research  was  supported  by  a  grant  to  T  D.W.  from  the  Medical  Research  Council  of 
Canada. 
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muscle.””  Release  of  endogenous,  unlabeled  ATP  from  the  taenia  coll  following 
transmural  electncal  stimulation  has  been  reported,”  although  subsequent  experiments 
could  only  demonstrate  ATP  release  at  stimulation  parameters  that  might  have  directly 
depolarized  the  smooth  muscle  and  nerves  of  the  taenia  coll.” 

Unlike  the  situation  in  the  guinea  pig  taenia  coh,  there  is  considerable  evidence 
against  the  concept  that  ATP  mediates  NANC  relaxations  in  the  guinea  pig  ileum.”  '*■” 
Netertheless,  Ca’*-dependent  release  of  endogenous  ATP  has  been  observed  dunng 
exposure  of  isolated  myenteric  nerve  varicosities  to  elevated  extracellular  K*,  the 
Na  'Channel  activator  veratndine,  acetylcholine,  and  S-hydroxytryptamine  (5- 
HT).””‘  The  released  ATP  could,  following  extracellular  degradation  to  adenosine 
by  ecto-ATPase,  ecto-ADPase,  and  ecto-S'-nucleotidase,  provide  a  source  of  adenosine 
at  presynaptic  P.-purinoceptors  to  diminish  the  release  of  acetylcho¬ 
line  Much  of  the  released  ATP  appears  to  arise  from  noradrenergic  vancosities 
insofar  as  rele^e  is  reduced  substantially  following  chemical  sympathectomy  with  6- 
hydroxydopamine  (Fig.  1).  This  treatment  appears  to  be  selective  for  noradrenergic 
nerves  because  it  does  not  destroy  serotonergic  varicosities  ** 

By  analogy  with  adrenal  chromaflin  cells,  where  there  is  evidence  that  ATP  is 
costored  with  catecholamines  within  the  chromaffin  granules  in  the  ratio  of  4  moles 
catecholamine:  I  mole  ATP,”  it  has  generally  been  assumed  that  substantial  amounts 
of  ATP  are  similarly  costored  with  noradrenaline  within  sympathetic  vesicles  Some 
studies,  however,  have  suggested  that  the  molar  ratio  of  noradrenaline  to  ATP  may 
only  be  12:1  in  punfied  sympathetic  vesicles,”  raising  the  question  of  whether  norad¬ 
renergic  vesicles  can  secrete  significant  amounts  of  ATP.  In  this  regard,  we  have 
found  that  the  a,  agonist,  clomdine,  diminishes  the  release  of  (’HJnoradrenaline 


COnlROL  6-OHBA  CONIROt  t-0«0* 

FIGURE  1.  Effect  of  pretreatment  of  guinea  pigs  with  6-hydroxydopamine  (250  mg/kg,  i  p  ) 
on  evoked  release  of  ATP  from  guinea  pig  ileal  myentenc  synaplosomes  ATP  release  was 
directly  and  continuously  monitored  m  the  presence  of  firefly  lucifenn-luciferase  "  Results  shown 
(denved  from  references  20-22)  are  typical  of  four  to  six  separate  experiments 
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Evoked  Evoked  (>H) 
ATPReleese  KA  Release 


FIGURE  2.  ElTect  of  clonidme  (10  pM)  on  evoked 
release  of  ATP  and  ( ’HJnoradfenahnc  from  myentenc 
synaptosomes  Each  bar  represents  the  mean  ±  SEM 
for  five  expenments.  Reproduced  from  Hammond  er 
oL**  with  the  permission  of  the  National  Research 
Council  of  Canada. 


I  I Contfc^  X77\  WithCtonKjrfie  (10/xM) 


evoked  by  K^,  acetylcholine,  and  nicotine  from  isolated  myentenc  vancosities,  but 
has  no  effect  on  the  release  of  ATP  evoked  by  these  agents  (Fig.  2).“  This  observation 
is  difficult,  if  not  impossible,  to  reconcile  with  the  idea  that  ATP  is  coreleased  with 
noradrenaline  from  the  same  synaptic  vesicles  The  implications  of  this  observation 
are  discussed  below. 

There  is  excellent  evidence  that  ATP  is  an  excitatory  cotransmitter  with  nora* 
drenaline  in  the  vas  deferens,  where  it  produce  excitatory  junction  potentials  and 
mediates  the  first,  rapid  phase  of  contraction  in  the  smooth  muscle,  noradrenaline 
mediates  a  slow  depolanzation  and  the  second  phase  of  contraction  Stimulation  of 
the  hypogastric  nerve  innervating  the  guinea  pig  vas  deferens  releases  endogenous 
ATP,  which  can  be  detected  using  a  firefly  lucifennduciferase  method  (Fig.  3).” 
Release  is  not  due  to  muscle  contraction  because  contraction  of  the  muscle  with 
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phenylephnne  does  not  release  ATP.^  Moreover,  block  of  the  slow  contractile  response 
with  prazosin,  and  of  the  initial  twitch  response  following  desensitization  of  the  Pix- 
punnoceptors  with  a,/3-methyIenc-ATP,  docs  not  dimmish  the  evoked  release  of  ATP 
(Fig  3),  indicating  that  release  occurred  from  the  sympathetic  nerves  and  not  post- 
synaptically  from  the  muscle. 


Pratosm  Present 


Prarosin  Present 


FIGURE  3.  Effect  of  prazosin  (300  nM),  a,/3*methylene'ATP  (100  ;iM),  and  TTX  (1  fiM) 
on  evoked  release  of  ATP  from  guinea  pig  vas  deferens  ATP  release  was  directly  detected  m 
the  presence  of  firefly  lucifennducifcrase  ”  (A)  The  left  panel  shows  the  muscle  contraction 
(upper  trace)  and  the  release  of  ATP  (lower  trace)  evoked  by  stimulating  the  hypogastric  nerve 
with  a  suction  electrode  at  20  Hz  and  150  V  with  1  msec  pulses  for  10  sec.  Prazosin  (Oj 
antagonist)  diminished  the  second  phase  of  contraction  but  had  no  effect  on  either  the  first  phase 
of  contraction  or  ATP  release.  (B)  With  prazosin  present  throughout,  desensitization  of  P^x* 
punnoceptors  by  preexposurc  to  a,/?*methyIenc-ATP  diminished  the  initial  twitch  response  but 
did  not  reduce  ATP  release  (C)  TTX  virtually  abolished  the  evoked  contraction  and  release  of 
ATP  in  a  reversible  manner.  Reproduced  from  Lew  and  While”  with  the  permission  of  the 
Macmillan  Press 


Js  A  TP  Secreted  from  Noradrenergic  Synaptic  Vesicles? 


As  was  discussed  above,  clonidme  modulates  the  evoked  release  of 
[^H]noradrenahne  without  affecting  the  release  of  ATP  from  the  same  preparation 
of  ileal  myenteric  vancosities.’’  Yet  much  of  the  ATP  release  appears  to  anse  from 
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noradrenergic  vancosities,  insofar  as  release  is  greatly  diminished  following  pretreat¬ 
ment  of  the  animals  with  6-hydroxydopamine,  which  selectively  destroys  the  norad¬ 
renergic  varicosities  These  findings  are  not  consistent  with  the  proposition  that 
ATP  IS  cosecreted  with  noradrenaline  from  identical  synaptic  vesicles  bemuse,  in  this 
case,  one  would  expect  the  release  of  both  noradrenaline  and  ATP  to  be  modulated 
m  an  exactly  parallel  fashion.  Similar  discrepancies  can  be  denved  from  recent  studies 
with  rabbit  vas  deferens  where  prostaglandm  Ej  inhibits  nonadrenergic  but  enhances 
adrenergic  responses  to  electrically  mediated  (or  nerve-mediated)  contractions  ”  More¬ 
over,  acute  treatments  with  the  adrener^c  neuron  blocker  guanethidme,  with  the  Oj 
agonist  guanabenz,  and  with  6-hydroxydopamine,  all  have  more  pronounced  effects 
on  adrenergic  responses  than  on  nonadrenergic  responses  to  nerve  stimulation.  The 
authors  concluded  from  these  indirect  measurements  that  the  ratio  of  noradrenaline 
and  ATP  released  by  electrical  stimulation  differs  depending  on  the  pharmacological 
manipulations  appli^,  and  that  these  results  argue  against  cosecretion  of  noradrenaline 
and  ATP  from  the  same  vesicles.  Direct  studies  of  the  effects  of  presynaptic  modulators 
on  the  evoked  release  of  ATP  and  noradrenaline  from  vas  deferens  are  required  before 
firm  conclusions  can  be  reached,  but  the  results  of  this  study,  together  with  our 
findings  on  ATP  and  (’H]noradrenaiine  release  from  ileal  myentenc  vancosities, 
certainly  do  not  support  the  concept  of  cosecretion  of  ATP  and  noradrenaline  from 
the  same  synaptic  vesicles 

What  then  is  the  intracellular  source  of  ATP  that  is  released  from  sympathetic 
nerves?  ATP  could  be  released  from  autonomic  nerves,  which  are  nonadrenergic  but 
susceptible  to  chemical  sympathectomy  with  6-hydroxydopamine.  The  actions  of  6- 
hydroxydopamine  in  the  guinea  pig  myentenc  plexus,  however,  appear  to  be  selective 
to  noradrenergic  fibers  because  serotonergic  vancosities  are  not  destroyed.^  The  most 
plausible  explanation  is  that  ATP  and  noradrenaline  are  released  from  different  in¬ 
tracellular  sites  in  noradrenergic  sympathetic  nerves  The  Ca**  dependency  of  evoked 
ATP  release  from  myenteric  vancosities  suggests  that  this  release  occurs  from  synaptic 
vesicles,  Given  that  noradrenergic  nerve  terminals  contain  a  vanety  of  morphologically 
distinguishable  synaptic  vesicles,*'  it  is  possible  that  ATP  is  stored  separately  from 
noradrenaline  in  another  'pulation  of  synaptic  vesicles  located  within  noradrenergic 
vancosities.  It  is  also  pos'  le  that  ATP  is  released  directly  from  the  cytoplasm,  rather 
than  from  synaptic  vesic  ,  by  some  process  that  is  Ca'*  dependent.  Regardless  of 
the  source  of  ATP  that  is  released,  the  observation  that  noradrenaline  release  is 
modulated  under  circumstances  where  ATP  release  is  not  raises  important  issues 
concerning  the  consequences  that  this  might  have  on  synaptic  functions  m  those  cases 
where  both  noradrenaline  and  ATP  act  as  cotransmitters. 


ADENOSINE  RELEASE  FROM  SYNAPTOSOMES 


Evoked  Adenosine  Release  Occurs  on  the  Nucleoside  Transporter 


Previously,  we  have  demonstrated  that  depolarization  of  rat  brain  synaptosomes 
with  or  veratndine  releases  endogenous  adenosine.^  Most  of  the  basal  release  of 
adenosine  appeared  to  arise  from  the  extracellular  degradation  of  a  released  nucleotide, 
insofar  as  inhibition  of  ecto-5'-nucIeotidase  by  90%  with  a,/3-methylene-ADP  and 
GMP  diminished  basal  extrasynaptosomal  adenosine  levels  by  74%.  In  contrast,  about 
half  of  the  veratndme-evoked  and  most  of  the  K*-evoked  release  of  adenosine  arose 
from  adenosine  released  in  its  own  right  rather  than  from  the  extracellular  metabolism 
of  released  nucleotide. 
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Whereas  veratridine-evokcd  release  of  adenosine  was  not  diminished  m  the  absence 
of  extracellular  Ca^^,  K‘*‘*evoked  release  require  extracellular  Ca**  and  consequently 
resembled  the  secretion  of  classical  neurotraiwmitters  Nevertheless,  evidence  that 
adenosine  is  stored  in  synaptic  vesicles  is  lacking.  Camer-mediated,  facilitated  diffusion 
of  nucleosides  into  various  tissues  and  cells  including  neuronal  preparations  has  been 
described  previously.”"**  This  facilitated  diSusion  system  transports  adenosine  down 
Its  concentration  gradient  and  is  bidirectional.  Therefore,  not  only  would  the  nucleoside 
transporter  facilitate  the  movement  of  aden(»ine  into  cells  when  the  extracellular 
concentration  of  adenosine  exceeds  the  intracellidar  concentration,  but  it  should  also 
facilitate  the  efflux  of  adenosine  from  cells  when  the  intracellular  concentration  of 
adenosine  exceeds  the  extracellular  concentration.  Indeed,  previous  studies  have  shown 
that  the  evoked  release  of  radiolabeled  punn«  is  diminished  when  the  nucleoside 
transporter  is  inhibited  by  dipyridamole**^ 

Both  dipyndamole  and  nitrobenzylthioinosine  (NBI)  have  been  used  extensively 
to  inhibit  nucleoside  transport.  Because  there  is  evidence  that  there  may  be  NBI* 
insensitive  nucleoside  transporters  in  certam  tissues  including  the  CNS,***”  we  studied 
the  effect  of  20  dipyndamole  on  the  relea^  of  adenosine  from  rat  brain  synap- 
tosomes  This  concentration  of  dipyridamole  maximally  inhibits  the  uptake  of 
(^HJadenosme  by  rat  synaptoneurosomes.” 

In  the  presence  of  20  pM  dipyndamole,  basal  release  of  adenosine  was  increased 
3*fold  (Table  1)  Because  most  of  the  basal  cxtrasynaptosomal  adenosine  is  due  to 
release  of  a  nucleotide  followed  by  its  cxtrasynaptosomal  metabolism  to  adenosine,*^ 
block  of  the  nucleoside  transponer  prevents  this  adenosine  from  being  taken  up  into 
the  synaptosomes  and  elevates  the  levels  of  adenc^ine  accumulating  in  the  medium. 

In  contrast,  K*^*evoked  release  of  adenosine  was  diminished  by  25%  when  the 
nucleoside  transporter  was  inhibited  with  dipyndamole,  a  result  consistent  with  the 
notion  that  part  of  the  adenosine  released  by  K"*  occurs  on  the  nucleoside  transporter. 
Similarly,  veratndine-evokcd  release  of  adenosine  was  diminished  by  22%  when  the 
nucleoside  transporter  was  inhibited  by  dipyndamole  Th/.  reason  that  inhibition  of 
the  nucleoside  transporter  does  not  produce  a  more  substantial  block  of  evoked 
adenosine  release  probably  relates  to  the  fact  that  depolanzation  also  releases  a  nu* 
cleotidc  (possibly  ATP**”)  in  addition  to  adenosine  Adenosine  formed  extrasynap- 
tosomally  from  released  nucleotide  would  accumulate  in  the  medium  when  the 
nucleoside  transporter  is  inhibited,  and  this  would  tend  to  offset  the  inhibitory  effect 
that  dipyndamole  has  on  release  of  adenosine.  It  is  also  possible,  if  the  intracellular 
levels  are  increased  sufficiently,  that  some  of  the  adenosine  exits  the  synaptosomes 
via  passive  diffusion,  which  would  not  occur  on  the  nucleoside  transporter.**  These 
effects  of  dipyridamole  on  evoked  adenosine  rele^  do  not  appear  to  be  mediated  by 
inhibition  of  cyclic  AMP*phosphodiestcrasebecausc  100  jiM  rolipram,  a  concentration 
three  times  greater  than  that  which  maximally  elevates  cyclic  AMP  levels  in  rat  brain 
slices,**  had  no  effect  on  basal  or  evoked  release  of  adenosine  (data  not  shown). 

Recently,  a  high*affinity,  Na'**dependent  uptake  system  for  adenosine  into  dis* 
sociated  rat  brain  cells  was  desenb^**  This  system,  which  is  capable  of  actively 
accumulating  adenosine  and  is  inhibited  by  10  /iM  dipyndamole,  could  be  distm* 
guished  from  the  lower  affinity,  facilitated  diffusion  system  for  nucleosides.  If  such  a 
high*affimty,  Na**dependcnl  transport  system  exists  in  synaptosomes,  as  the  work  of 
Bender  et  n.'.”  suggests,  then  depolanzation  with  K'*  would  dimmish  the  inward- 
directed  electncal  gradient  for  Na"*  and  could  reveree  the  Na*'COupled  transport  of 
adenosine  from  an  inward  to  an  outward  direction.  Similarly,  veratridme  would  open 
Na*  channels  and  dimmish  the  inwanl  electncal  and  chemica*  gradients  for  Na*,  so 
that  the  Na**coup!ed  outward  transport  of  adenosine  would  be  favored. 

It  would  appear  from  the  above  discussion  that  earner-mediated  transport  systems 
for  adenosine  could  function  not  only  to  r^ove  extracellular  adenosine,  thereby 
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tenninating  its  extracellular  effects  and  salvaging  the  purine,  but  also  to  provide  a 
means  of  releasing  adenosine  mto  the  extracellular  space,  where  it  can  elicit  its  neu* 
romodulatory  effects  at  P,*punnoceptors.  Inhibition  of  the  nucleoside  transporter(s) 
might  potentiate  the  actions  of  extracellular  adenosine  when  the  adenosine  is  derived 
from  a  released  nucleotide,  but  it  might,  m  some  cases,  dimmish  the  extracellular 
actions  of  adenosine  if  that  adenosine  is  released  on  the  nucleoside  transporter. 


Regional  Distribution  of  Adenosine  Release  in  Rat  Brain 


If  depolanzation*evoked  release  of  adenosine  from  synaptosomes  is  distnbuted 
uniformly  throughout  the  brain,  this  may  indicate  that  punne  release  occurs  as  a 
consequence  of  depolarization  of  all  nerve  endings.  Conversely,  regional  vanations 


TABLE  1.  Effect  of  Dipyridamole  (DPR)  on  Synaptosomal  Adenosine  Release* 


Adenosine  Release 
(pmol/mg  protem/10  min) 

Total  {%  control)  Evoked  {%  control) 

Basal 

G>ntrol 

+DPR  (20  pM) 

68  37  i  18.15(100) 
22036  ±  17  34  (322)» 

K* 

Control 

20628  ±  17.58 

137.91  £  14  10  (100) 

+DPR  (20  pM) 

323  14  £  2666 

102  78  ±  29  85  (75)* 

Ver 

Control 

766  69  £  6005 

698  32  £  68  84  (100) 

+DPR  (20  pM) 

76243  £  6647 

54207  £  81.88  (78)» 

*  Synaptosomes  (PJ  were  incubated  m  the  absence  and  presence  of  20  dipyndamolc  to 
inhibit  adenosine  transport.  Then,  K*  (increased  by  24  niM)  or  vcratndine  (50  fiM)  was  addfxi 
to  depolarize  synaptosomes.  Evoked  release  of  adenosine  is  the  value  obtained  with  the  depo¬ 
larizing  agent  minus  the  corresponding  basal  release  for  10  min  Adenosine  was  determined  as 
desenbed  previously.^  Each  value  is  a  mean  ±  SEM  from  six  expenmcnls 

*  Significantly  different  from  the  respective  control  (j>  <  05,  paired  t  test) 


would  perhaps  suggest  more  discrete  evenU  restricted  to  certain  types  of  nerve  ter¬ 
minals  or  certain  areas  of  the  brain 

In  order  to  investigate  possible  regional  vanations  in  adenosine  release,  rat  brains 
were  dissected  according  to  the  method  of  Glowinski  and  Iversen’^  and  P2  synapto¬ 
somes  were  prepared.^  Occluded  lactate  dehydrogenase  (LDH)  was  determined  on 
each  preparation  to  standardize  the  amount  of  adenosine  release  in  terms  of  synap¬ 
tosomal  contents.^*  The  results  are  expressed  as  pmol  adenosine  released/ 1000  oc¬ 
cluded  LDH  units,  as  shown  in  Table  2. 

Release  of  endogenous  adenosine  is  not  uniformly  distnbuted  for  synaptosomes 
prepared  from  different  regions  of  rat  brain.  Basal  adenosine  release  exhibited  the 
following  distnbution.  cerebellum  >  hippocampus  ^  amygdala,  stnatum,  cortex, 
hypothalamus  >  pons/medulla  >  thalamus.  The  K*-evoked  release  of  adenosine 
exhibited  this  distnbution' amydala  >  cortex  >  stnatum  >  hippocampus  >  thalamus 
>  hypothalamus  >  cerebellum  >  pons/ medulla.  The  veratndme-evoked  release  was 
as  follows:  amygdala  >  cortex  >  thalamus,  cerebellum  >  hippocampus,  stnatum  > 
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hypothalamus  >  pons/medulla.  The  most  sinking  observation  is  that  both  K’*^-  and 
veratndme-evoked  release  of  adenosine  was  relatively  high  from  amygdala  synapto- 
somes  and  low  from  hypothalamic  synaptosomes  On  the  other  hand,  there  appeared 
to  be  regional  differences  m  K*-  and  vcratndinc-cvoked  adenosine  release  Thus, 
released  little  adenosine  from  the  thalamus  and  cerebellum,  whereas  veratndine  re> 
leased  considerable  amounts  of  adenosine  from  both  of  these  regions  The  significance 
of  these  observations  is  not  yet  apparent. 

There  are  no  apparent  correlations  between  the  distnbutions  of  evoked  adenosine 
release  and  the  distributions  of  evoked  ATP  release,'*  A,  receptors,**^’  Aj  receptors,*^ 
adenosine  uptake  sites, adenosine-like  immunoreactivity,**  adenosine  deaminase,** 
or  5'*nucleotidase  activity.**  It  should  be  noted  that  there  is  also  little  apparent 
correlation  among  the  above  markers  of  purinergic  function.  The  variations  in  the 
distributions  of  these  potential  markers  probably  reflect  the  complexity  of  the  inter- 


TABLE  2  Synaptosomal  Adenosine  Release  from  Vanous  Brain  Regions* 


Brain 

Region 

Adenosine  Release 
(pmol/1000  occluded  LDH  units) 

Basal 

Evoked 

K*  Veratndine 

Stnatum 

92  7  S  10.2 

646  i  92 

272  9  t  36  2 

Amygdala 

950  t  94 

1208  t  184 

4012  t  45  7 

Hypothalamus 

864  i  4.9 

227  t  60 

229  3  t  ISO 

Hippocampus 

106  8  t  120 

493  ±  66 

2700  t  186 

Thalamus 

51.3  i  8.1 

30  4  t  96 

3069  ±23  6 

Cortex 

92  2  i  15.1 

753  ±  92 

341.3  ±240 

Cerebellum 

2250  ±  27.3 

108  ±  11  3 

292  2  ±  20 

Pons/Medulla 

71  9  i  7.3 

09  ±  39 

135.4  ±  13.4 

'Synaptosomes  (P,)  were  prepared  from  eight  brain  regions,  as  described  in  the  text  Then, 
(increased  by  24  mM)  or  veratndine  fxM)  was  added  to  depolanze  synaptosomes. 
Adenosine  release  was  determined  as  desenb^  previously  **  Each  value  is  a  mean  ±  SEM  from 
five  expenments 


relations  of  the  vanous  processes  involved  The  interplay  between  some  or  all  of  these 
processes  may  determine  the  levels  of  extraneuronal  adenosine  that  can  occur  in  the 
vanous  regions. 


SUMMARY 


Release  of  ATP  can  be  evoked  from  noradrenergic  nerve  vancosities  isolated  from 
guinea  pig  ileal  myentenc  plexus  by  depolanzation  with  and  veratndine  and 
dunng  exposure  to  acetylcholine  or  5>HT.  Clonidme,  however,  modulates  the  release 
of  [  *H]noradrenaline  without  affecting  the  release  of  ATP  ATP  is  also  releasol  from 
noradrenergic  sympathetic  nerves  m  the  vas  deferens,  where  it  mediates  the  initial 
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depolanzation  and  contraction  in  the  smooth  muscle  Factors  that  apparently  modulate 
the  release  of  noradrenaline  do  not  produce  corresponding  effects  on  ATP  release 
The  above  results  are  best  explained  by  the  hypothesis  that  ATP  and  noradrenaline 
are  stored  in  separate  populations  of  vesicles  within  sympathetic  nerves  and  that  these 
pools  are  subject  to  differential  presynaptic  modulation. 

Depolarization  of  rat  brain  synaptosomes  releases  adenosine  by  a  process  that  is 
mediated,  at  least  m  part,  by  efflux  on  the  nucleoside  transporter.  Drugs  that  block 
the  nucleoside  transporter  (such  as  dipyridamole)  reduce  evoked  adenosine  release 
and  may  thereby  dimmish,  rather  than  augment,  the  actions  of  adenosine  at  its 
receptors.  Release  of  adenosine  does  not  appear  to  be  uniformly  distnbuted  throughout 
the  brain  insofar  as  release  vanes  from  synaptosomes  prepared  from  different  regions. 
Although  the  distnbution  of  several  markers  for  possible  adenosine  pathways  in  the 
brain,  including  adenosine  release,  do  not  show  any  consistent  correlations,  the  non* 
uniform  distribution  for  these  markers  suggests  that  adenosine  may  have  differential 
functions  in  various  brain  re^ons 
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DISCUSSION  OF  THE  PAPER 


A.  Wieraszko  {Boston  College^  Chestnut  Hill  MA)'  1)  Why  is  the  basal  release 
of  adenosine  from  cerebellum  higher  than  K^-stimuIated  release?  2)  Was  this  release 
Ca**  dependent?  3)  What  is  the  mechanism  in  vivo  by  which  the  release  of  ATP  and 
noradrenaline  from  different  pools  of  vesicles  is  spontaneously  regulated? 

White,  l)  The  K^-stimulated  release  represents  the  real  increase  in  adenosine 
release.  2)  The  K*-stimulated  release  was  Ca^^  dependent,  although  veratridine- 
stimulated  release  was  not  3)  It  is  known  in  other  systems  too  that  ATP  may  be 
stored  in  a  pool  separate  from  that  for  the  neurotransmitter.  For  instance,  as  we  have 
shown,  clonidine  can  modulate  the  release  of  noradrenaline  from  myenteric  synap- 
tosomes  without  affecting  the  release  of  endogenous  ATP.  This  indicates  that  these 
two  substances  are  not  likely  released  from  the  same  synaptic  vesicle 

Y.  H.  Ehrlich  {College  of  Staten  Island,  New  York,  NY):  We  have  reported 
{Brain  Res.  Bull.  1988)  that  cultured  neurostnatal  neurons  that  have  undergone 
synaptogenesis  release  ATP  in  response  to  veratridme,  and  that  80%  of  this  release 
IS  blocked  by  TTX.  High  K*  depolarization  also  tnggers  ATP  release  from  these 
neurons,  15%  of  which  depend  on  the  preswicc  of  extracellular  Ca**.  It  thus  seems 
that  20-25%  of  the  ATP  released  from  CNS  neurons  is  not  vesicular  but  cytoplasmic. 
Could  you  please  comment  on  the  possible  significance  of  cytoplasmic  ATP  release 
in  brain  function? 

White  I  am  open  to  the  possibility  of  nonvcsicular  release  of  ATP  from  ti^ues. 
On  the  other  hand,  your  inability  to  entirely  block  veratndme-evoked  release  with 
TTX  suggests  that  part  of  the  effect  of  verauTdine  was  not  mediatwl  by  the  opening 
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of  voltage-sensitive  Na***  channels  We  see  complete  block  of  veratndine-evoked  release 
of  both  ATP  and  adenosine  by  TTX. 

E  Rojas  {National  Institute  of  Diabetes  and  Digestive  and  Kidney  Diseases.  Be^ 
thesda  MD).  We  have  detected  two  components  of  the  K^-evoked  ATP  release.  One 
that  is  extracellular  Ca^*  dependent  and  the  other  that  proceeds  m  the  complete 
absence  of  Ca*^  The  second  component  is  rather  slow.  I  wonder  if  your  inability  to 
detect  this  second  component  is  related  to  the  fast  degradation  of  the  secreted  ATP, 
which  would  be  indicative  of  the  presence  of  ecto-ATPases 

White:  I  do  not  know.  We  have  never  observed  a  Ca**-independent,  K*-evoked 
release  of  either  ATP  or  adenosine  from  rat  brain  synaptosomes 
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INTRODUCTION 


The  notion  that  one  neuron  synthesizes,  stores,  and  releases  only  one  transmitter 
has  been  seriously  questioned  recently.*  The  possible  existence  of  cotransmitters  in 
postganglionic  sympathetic  and  parasympathetic  neurons  has  been  of  particular  re* 
search  interest  of  late,  and  much  credit  for  focusing  attention  on  this  issue  goes  to 
G.  Bumstock,  who  published  a  commentary  in  Neuroscience  m  1976  entitled  "Do 
Some  Nerve  ^lls  Release  More  Than  One  Transmitter?"* 

Although  a  number  of  substances  have  been  proposed  to  act  as  cotransmitters 
with  the  "classical"  monoamine  or  amino  acid  transmitters,*  the  evidence  to  date  is 
strongest  for  a  nucleotide,  most  probably  ATP.  There  has  been,  naturally  enough,  a 
general  reluctance  in  accepting  the  notion  that  ATP,  a  compound  that  plays  an  essential 
role  in  intracellular  function,  could  be  released  extracellularly.  Nevertheless,  the  evi* 
dence  is  now  abundant  that  adenine  nucleotides  and  nucleosides  do  appear  extracel* 
lularly  upon  stimulation  of  nerves,  and  this,  together  with  the  knowl^ge  that  these 
compounds  exert  a  variety  of  pharmacological  actions,  makes  it  reasonable  to  postulate 
roles  as  neuromodulators  and  neurotransmitters 

The  tissue  for  which  the  data  is  probably  the  most  extensive  in  support  of  a 
cotransmitter  role  for  ATP  is  the  sympathetically  innervated  vas  deferens  In  this 
paper,  we  will  begin  by  reviewing  the  evidence  from  our  laboratory  and  the  laboratories 
of  others  that  norepinephnne  (NE)  and  ATP  arc  cotransmitters  in  the  vas  deferens. 
We  will  then  discuss  other  neuroeflector  junctions,  especially  vascular  smooth  muscle, 
from  the  standpoint  of  cotransmission.  We  will  also  consider  the  potential  sites  of 
release  of  endogenous  ATP  upon  transmural  nerve  stimulation  of  blood  vessels. 


COTRANSMISSICN  IN  VAS  DEFERENS 


For  years  there  has  been  confusion  about  the  nature  of  the  motor  transmission  of 
the  vas  deferens.^’  Individual  stimuli  or  low>frequency  stimulation  of  ner^’es  for  short 

^This  work  was  supported  in  part  by  Grant  HL  38126  from  the  National  Institutes  of  Health 
and  by  grants  from  the  American  Heart  Association 
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penods  produces  a  phasic,  short-lasting  contraction  of  the  vas  deferens  Longer  penods 
of  stimulation  produce,  following  the  initial  phasic  contraction,  a  later  contraction, 
which  IS  more  tonic  in  character  (see  Fig.  1 ).  The  phasic  contraction  m  response  to 
nerve  stimulation  is  considerably  less  sensitive  to  a-adrenoceptor  blocking  agents  than 
the  tonic  contraction  After  depletion  of  endogenous  NE  by  pretreatment  with  reser- 
pine,  the  tonic  response  to  transmural  nerve  stimulation  is  greatly  reduced,  whereas 
the  phasic  contraction  remains  largely  unaffected.**  Among  the  many  possible  expla¬ 
nations  for  these  results  is  the  possibility  that  there  is  another  transmitter.*  Because 
ATP  was  known  to  be  present  as  part  of  the  adrenergic  ncurotransmitter-storage 
complex,*  we  sought  evidence  for  ATP’s  participation  in  the  neurotransmission  process 
in  the  vas  deferens  *  ATP  was  found  by  us  and  by  others*  to  be  an  effective  contraction- 
inducing  agent  in  the  vas  deferens.  The  r^ponse  was  transient  in  character  and 
resembled  the  phasic  contraction  of  the  neurogenic  response.  ADP  and  AMP  also 
produced  contraction  but  were  less  potent  than  ATP  Adenosine  failed  to  produce 
contraction.  We  also  sought  evidence  for  the  release  of  ATP  upon  transmural  nerve 
stimulation.  The  basic  approach  was  to  stimulate  tissues  that  were  preincubated  with 
[*H]adcnosinc  Prcincubation  in  this  manner  was  known  to  be  effective  for  labeling 
endogenous  ATP  in  smooth  muscle.'^”  Tissues  so  labeled  released  signif  cant  amounts 
of  tntium  upon  transmural  stimulation,  supporting  the  idea  of  the  neuronal  release 
of  ATP.  (More  recent  studies  using  ftuorescence  and  chemiluminescence  techniques 
have  confirmed  the  neuronal  release  of  endogenous  ATP  in  the  vas  deferens**”) 
Although  these  results  helped  to  establish  AT?  as  a  cotransmitter  in  the  vas 
deferens  there  was  a  major  impediment  to  fully  embracing  the  hypothesis,  the  im¬ 
pediment  being  the  unavailability  of  a  pharmacological  antagonist  that  was  specific 
for  responses  mediated  by  receptors  for  ATP.  This  problem  was  overcome  by  the 
introduction  by  Hogaboom  and  collaborators  m  1980  of  3’'0-(3[M(4-azido-2-nitrophe 
nyl)amino]propionyl)adcnosine  5’-triphosphate  (referred  to  as  ANAPP,)  as  an  ATP 
antagonist.**  ANAPPj  is  a  photoaffmity  analogue  of  ATP.  Without  photoactivation, 
ANAPPj  produces  an  antagonism  of  ATP  that  Is  reversible  With  photoactivation  by 
visible  light,  the  antagonism  is  quite  persistent.  Presumably,  photolysis  activates  the 
compound  to  a  reactive  nitrene  intermediate  that  is  capable  of  forming  covalent  bonds 
with  sites  at  or  near  the  Pj-purinoceptor.  Hogaboom  et  al.'*  showed  that  ANAPP, 
antagonized  responses  of  the  quiuca  pig  vas  deferens  to  adenine  nucleotides  but  not 
to  NE,  acetylcholine  (ACh),  histamine,  or  KCI  Thus  the  compound  possessed  the 
requisite  specificity  to  test  the  cotransmitter  hypothesis  We  used  ANAPP,  to  deter¬ 
mine  whether  adenine  nucleotides  released  from  nerves  of  the  guinea  pig  vas  deferens 
contributed  to  the  neurogenic  contraction.’*  ANAPP,  preferentially  antagonized  the 
initial  phasic  component  of  the  neurogenic  response,  whereas  the  secondary  tonic 
component  of  the  response  was  preferentially  antagonized  by  the  a-adrenoceptcr 
antagonist  prazosin  (Fig.  1 ).  Our  studies  also  showed  that  the  initial  phasic  contraction 
was  maintained  after  pretreatment  with  reserpinc  but  that  both  phases  of  the  response 
were  nearly  abolished  by  destruction  of  the  syropalhelic  nerves  by  fi-hydroxydopamme. 
This  evidence  added  strong  support  to  the  idea  that  ATP,  originating  from  sympathetic 
nerves,  acts  as  a  cotransmitter  with  NE  m  this  tissue 

Mimicry  by  ATP  and  antagonism  by  ANAPP,  was  subsequently  shown  to  occur 
at  the  clectrophysiological  level.'”*  Intracellular  microelectrodes  were  used  to  record 
the  electncal  response  of  the  smooth  muscle  cells  of  the  vas  deferens  to  nerve  stim¬ 
ulation  and  to  exogenously  applied  ATP  and  NE.  In  the  vas  deferens,  the  initial 
phasic  contraction  is  dependent  upon  the  summation  of  excitatory  junction  potentials 
(EJPs)  to  threshold  and  the  firing  of  action  potentials  producing  the  contraction 
ANAPP,  antagonizes  both  the  initial  ph.asic  contraction  and  the  EJPs.  Prazosin  does 
not  (Fic.  2).  Local  application  of  AT?  by  pressure  ejection  from  a  micropipette 
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FIGURE].  Polygraph  tracings  of  the  coa< 
tractile  response  of  the  guinea  pig  vas  def¬ 
erens  stimulated  at  16  Hz  (0  S  msec  pulses 
at  supramaximal  voltage)  for  30  sec  Ten¬ 
sion  was  recorded  isometncally  m  a  con¬ 
tinuously  suffused  organ  bath,  and  held 
stimulation  was  applied  with  two  platinum 
nng  electrodes.  Note  that  treatment  with 
ANAPP,  (10"*  M  followed  by  photolysis) 
reduced  the  initial  phasic  component  of  the 
contraction  and  that  prazosin  (10~*  M) 
reduced  the  secondary  tonic  component  of 
the  contraction  For  each  drug  treatment 
the  control  response  of  the  tissue  is  shown 
on  the  left.  P.eproduced  from  reference  17 
with  permission. 
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produced  a  depolarization  similar  in  magnitude  and  time  course  to  the  EJP.  NE 
produced  no  such  response. 

Although  ANAPP)  is  an  important  tool,  the  compound  is  not  available  commer¬ 
cially  and  thus  is  not  widely  available  to  investigators  wishing  to  study  the  potential 
role  of  ATP  as  a  cotransmitter.  In  this  context,  the  work  of  Kasakov  and  Bumstock 
in  1982  reporting  the  use  of  the  slowly  degradable  analogue  of  ATP,  9./3>metb>lene 
ATP  ( APCPP)  was  an  important  advance.'*  APCPP,  which  is  available  commercially, 
acts  as  an  agonist  at  P^-punnoccpiors.  Upon  repeated  exposure  to  or  in  the  continual 
presence  of  APCPP  there  is  a  dcsensitization  of  P^-purinoceptors  such  that  responses 
to  ATP  and  other  agonists  at  P,*purinoccptors  are  reduced.  Used  in  this  manner, 
APCPP  can  be  view^  as  an  “antagonist.” 

Meldrum  and  Bumstock”  subsequently  showed  that  APCPP  acted  much  the  same 
way  in  the  guinea  pig  vas  deferens  as  did  ANAPPj;  that  is,  after  an  initial  contraction, 
APCPP  reduced  the  initial  phasic  neurogenic  contraction  and  the  response  to  exog¬ 
enous  ATP  while  leaving  the  secondary  tonic  contraction  essentially  unchanged. 
APCPP  was  also  shown  to  decrease  the  size  of  the  EJP  m  the  guinea  pig  vas  deferens 
as  well  as  the  depolarization  in  response  to  the  local  application  of  ATP.^' 

Based  on  the  evidence  reviewed  above,  as  well  as  a  considerable  number  of  other 
studies  that  have  employed  similar  pharmacological  and  electrophysiological  ap¬ 
proaches  (Table  1),  (he  conclusion  seems  inescapable  that  neurotransmission  in  the 
vas  deferens  involves  ATP  and  NE  as  cotransmitters. 


COTRANSMISSION  IN  URINARY  BLADDER 


The  smooth  muscle  of  (he  body  of  (he  mammalian  unnary  bladder  is  another 
tissue  that  has  confounded  investigators,  the  difficulties  having  to  do  with  the  excitatory 
innervation  of  this  tissue.  The  classical  view  has  been  that  the  bladder  received 
excitatory  cholinergic  innervation  exclusively,  and  indeed  exogenous  ACh  mimics  the 
motor  response  evoked  by  transmural  nerve  stimulation.  Nevertheless,  m  spite  of 
profound  antagonism  of  the  response  of  the  bladder  to  exogenous  ACh  by  the  mus- 
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cannic  cholinoceptor  antagonist  atropine,  the  neurogenic  response  of  the  bladder 
exhibits  considerable  resistance  to  antagonism  by  atropine  Consequently,  there  have 
been  numerous  suggestions  over  the  years  that  excitatory  neurotransmission  to  the 
bladder  is  partly  noncholinergic  TTie  suggestion  was  made  m  1972  by  Burnstock 
and  colleagues”  and  later  by  others”  that  ATP  may  be  the  nonchohnergic  excitatory 
transmitter  in  the  urinary  bladder.  Originally  the  concept  seemed  to  be  that  there 
may  be  a  specific  population  of  neurons  that  utilized  ATP  exclusively  as  a  transmitter 
(that  is,  punnergic  nerves),  but  this  notion  has  ba^n  expanded  to  include  the  possibility 
that  ATP  IS  a  cotransmitter  released  in  conjunction  with  ACh  and/or  NE.‘*”  The 
expenmental  approaches  that  have  supported  the  idea  that  ATP  is  a  cotransmitter  in 
bladder  are  similar  to  those  discuss^  for  the  vas  deferens,  especially  the  use  of 
ANAPPj,  the  use  of  APCPP,  and  analyses  of  EJPs  Some  of  the  papers  that  provide 
such  information  are  listed  in  Table  2.  Other  smooth  muscles  for  which  there  is 
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FIGURE  2.  (A)  Excitatory  junction  potentials  (EJPs)  recorded  from  guinea  pig  vas  deferens 
at  stimulation  frequencies  of  0  S,  1.0,  and  2  0  Hz  Responses  are  from  cells  in  the  same  muscle 
recoided  before  and  after  treatment  with  the  Prantagonist  ANAPP,  The  vertical  line  preceding 
each  EJP  is  the  stimulus  artifact  (B)  EJPs  recorded  from  cells  in  the  same  muscle  before  and 
aher  treatment  with  light  only  (as  a  control  for  (he  photolysis  of  ANAPPj)  Note  that  the  EJPs 
are  substantially  reduced  after  ANAPP,  treatment  (but  not  after  light  alone)  (C)  Continuous 
recording  from  the  same  cell  of  EJPs  at  0  3  and  1 0  Hz  before  and  IS  min  after  treatment  with 
10~*  M  prazosin  Note  that  the  EJPs  are  not  reduced  in  size  Reproduced  from  reference  17 
with  permission. 
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TABLE  1.  Examples  of  Papers  Providing  Evidence  for  ATP  and  NE  as 
Cotransmitters  in  the  Vas  Deferens 


Species 

Investigators 

References 

Guinea  pig 

Westfall  et  al 

8 

Fedan  et  aL 

16 

Sneddon  et  aL 

17 

Meldnim  &  Burostock 

20 

Sneddon  A  Westfall 

18 

Sneddon  A  Bumstock 

2! 

Sljamc  A  Astrand 

22,  23 

Atlcom  et  aL 

24 

Cunnane  A  Manchanda 

25 

Suzuki  A  Gomi 

26 

Rat 

French  A  Scott 

27 

Sneddon  et  at 

28 

Satchell 

29 

Mouse 

Stjame  A  Astrand 

22.  23 

Atlcom  et  aL 

24 

Rabbit 

Sneddon  et  al 

28 

some  evidence  for  ATP  as  a  cotransmitter  are  the  seminal  vesicle  of  the  guinea  pig** 
and  rat*'  and  the  nictitating  membrane  of  the  cat.***** 


COTRANSMISSION  IN  BLOOD  VESSELS 


Still  another  sympathetically  innervated  system  for  which  there  is  a  rapidly  ac> 
cumulating  body  of  information  suggesting  a  cotransmitter  role  for  ATP  is  the  vas* 
culature.  One  of  the  earliest  observations  that  focused  attention  on  this  possibility  was 
made  by  the  late  Che  Su.”  In  1975,  Su  showed  that  stimulation  of  sympathetic  nerves 
of  the  thoracic  aorta  and  portal  vein  of  the  rabbit  is  associated  with  the  release  of 
purines.  This  knowledge— along  with  observations  that  m  several  blood  vessels  va¬ 
soconstriction  and  EJPs  are  resistant,  or  partially  so,  to  a-adrenoceptor 


TABLE  2.  Examples  of  Papers  Based  on  Studies  with  P^-Antagonists  Supporting  a 
Role  of  ATP  as  a  Cotransmitter  m  the  Unnao’  Bladder 


Species 

Investigators 

References 

Human 

Bells  et  al 

40 

Cat 

Theobald 

41.42 

Guinea  pig 

Kasakov  A  Bum'‘tocL 

19 

Westfall  et  al 

39 

Moss  A  Bumstock 

43 

Rabbit 

Longhurst  et  al 

44 

Hoyle  A  Bumstock 

45 

Ferret  and  marmoset 

Moss  A  Bumstock 

43 
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antagonism’’'^^~-has  lead  to  a  consideration  that  perhaps,  in  a  manner  analogous  to 
that  in  the  vas  deferens,  ATP  and  NE  act  as  cotransmitters  in  some  blood  vessels. 

Listed  in  Table  3  are  some  of  the  blood  vessels  for  which  there  is  compelling 
evidence  for  a  cotransmitter  role  of  ATP.  The  references  that  are  provided  are  restricted 
to  those  that  have  used  the  types  of  approaches  already  discuss^  for  the  vas  deferens 
and  urinary  bladder,  that  is,  an  analysis  of  the  mechanical  (contraction  and/or 
vasoconstriction)  and  electrophysiological  (EJPs  and/or  membrane  potential)  re¬ 
sponses  with  and  without  a-adrenoceptor  and  P^-punnoceptor  perturbations  with 
compounds  such  as  prazosin,  ANAPP),  and  APCPP.  An  analysis  of  these  studies 
indicates  that  in  a  number  of  blood  vessels  the  neurogenically  evoked  EJPs  and  the 
a-blocker-resistant  contractions  and  vasoconstriction  are  likely  to  be  mediated  by  ATP 


TABLE  3.  Examples  of  Papers  Providing  Evidence  for  ATP  and  NE  as 
Cotransmitters  in  Blood  Vessels 


Tissue 

Investigators 

References 

Rat  tail  artery 

Sneddon  dt  Burnstock 

54 

Ncild  A  Kotecha 

55 

Vidal  er  aL 

56 

Dalziel  et  oL 

57 

Bao  et  aL 

58 

Guinea  pig  mesentery 

ishileawa 

59 

Rabbit  mesentery 

Isbikawa 

59 

Kugclgen  A  Starke 

60 

Ramme  et  oL 

61 

Dog  mesentery 

Muramatsu 

62 

Machaly  et  aL 

63 

Muramatsu  et  aL 

64 

Rabbit  ear  artery 

Suzuki 

65 

Kennedy  et  aL 

66 

SaviIIe  A  Burnstock 

67 

Guinea  pig  saphenous  vein 

Cheung  A  Fujioka 

68 

Rabbit  saphenous  vein 

Burnstock  A  Warland 

69 

Warlaod  A  Burnstock 

70 

Dog  basilar  artery 

Muramatsu  et  aL 

71 

Muramatsu  A  Kigoshi 

72 

rather  than  NE  The  extent  of  the  punncrgic  component  may  vary  among  blood 
vessels  and  even  within  blood  vessels 


RELEASE  OF  ATP  FROM  THE  VASCULAR  NEUROEFFECTOR 
JUNCTION 


In  spite  of  such  evidence,  there  has  been  reluctance  to  accept  the  notion  that  ATP 
serves  as  a  sympathetic  cotransmitter  m  blood  vessels,  primanly,  it  seems,  because  of 
a  lack  of  an  unequivocal  demonstration  of  the  release  of  ATP.^*  There  is  a  good  deal 
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of  indirect  evidence  for  the  release  of  ATP,  however  For  example,  the  studies  of  Su 
and  colleagues^^^  showed  the  release  of  radiolabeled  purines  in  thoracic  aorta,  portal 
vein,  mam  pulmonary  artery,  and  several  other  tissues.  Other  investigators  have 
employed  similar  techniques  The  method  of  analysis  is  to  quantify  the  release 
of  tritium  from  tissues  that  are  prelabeled  with  (^HJadenosine.  The  strategy  is  that 
because  tissues  take  up  [*H]adenosine  and  incorporate  it  into  nucleotides,  the  release 
of  tritium  reflects  the  release  of  [^H)nucleotides  as  well  as  the  [’Hjnucleosides  This 
could  be  incorrect,  and  the  release  of  tntium  might  originate  mostly  or  solely  from 
(’H]adenosine. 

As  an  approach  to  the  question  of  whether  ATP  itself  is  released  and  at  what 
concentration,  we  have  used  high«performance  liquid  chromatography  (HPLC)  cou* 
pled  with  fluorescence  detection'*  to  quantify  the  release  of  endogenous  ATP  and  its 
6-aminopunne  analogues  from  blood  vessels.”  '*  One  of  the  advantages  of  this  tech¬ 
nique  over  other  approaches,  such  as  the  flrefly  chemiluminescence  assay”  is  that 
one  can  measure  simultaneously  ATP,  ADP,  AMP,  and  adenosine.  If,  as  is  generally 
believed,  the  nucleotides  are  rapidly  metabolized  to  adenosine  by  ectoenzymes,"  it 
would  be  useful  to  be  able  to  quantify  all  four  of  these  adenine-containing  compounds 
Specifleity  in  the  HPLC-fluorescence  assay  resides  with  the  development  of  fluorescent 
derivatives.  This  formation  is  dependent  upon  the  attachment  of  chloroacetaldehyde 
to  the  NH]  group  on  the  6-position  of  the  punne  ring  Because  of  this,  only  the  6- 
amino  purine  compounds  can  be  detected. 

Using  this  method,  we  have  demonstrated  the  release  by  transmural  nerve  stim¬ 
ulation  of  ATP,  ADP,  AMP,  and  adenosine  from  the  rat  tail  artery  and  the  rabbit 
thoracic  aorta.””  A  remarkable  finding  was  that  the  release  of  ATP  far  exceeds  the 
release  of  NE.  In  the  aorta,  for  example,  there  was  30-fold  more  ATP  than  NE  released 
by  stimulation  at  16  Hz  for  3  mm.  If  one  considers  not  only  the  release  of  ATP  but 
of  the  entire  pool  of  adenine  nucleosides  and  r-ucleotides,  the  release  exceeds  that  of 
NE  by  over  300-fold, 

In  view  of  the  disparity  in  the  amounts  of  release  of  NE  and  ATP,  and  particularly 
because  the  suspect^  ratio  of  NE  to  ATP  in  adrenergic  neuron  storage  vesicles  is 
approximately  four,*  it  seemed  reasonable  to  u$  that  the  release  of  the  adenine- 
containing  compounds  is  not  exclusively  from  neuronal  sources.  Indeed,  we,  as  well 
as  others,*'”*'  have  suggested  that  nucleetide  and  nucleoside  release  occurs  from 
extraneuronal  as  well  as  neuronal  sites,  perha]»  as  a  result  of  NE  exerting  a  post¬ 
junctional  action  on  a-adrenoceptor$ 

Evidence  supporting  the  idea  that  a-adrenoceptor  stimulation  luds  to  the  release 
of  adenine  compounds  comes  from  two  approaches:  1)  Methoxamine,  an  Oi-adren- 
oceptor  agonist  whose  site  of  action  is  considered  to  be  postjunctional,  causes  the 
release  of  nucleotides  and  nucleosides.  2)  Prazosin,  an  ai-adrenoceptor  antagonist, 
reduces  both  the  transmural  nerve  stimulation-induced  release  and  the  methoxamme- 
induced  release.” 

Although  it  seems  natural  to  consider  the  smooth  muscle  cells  as  a  likely  post¬ 
junctional  source  of  release  of  punnes,  there  are  other  sources  as  well.  We  fixused 
attention  on  the  endothelial  cells  of  the  aorta  There  were  several  reasons  to  consider 
the  endothelium  One  reason  is  that  endothelial  cells  grown  in  culture  have  a  high 
concentration  of  ATP.  Furthermore,  these  cells  can  release  ATP  upon  challenge  with 
agents  such  as  thrombin.**’**  We  wondered  whether  a-agoni$t$  such  as  NE  and  meth¬ 
oxamine  could  do  the  same 

Removing  the  endothelium  from  the  aorta  (Fig.  3)  greatly  diminished  the  release 
of  adenine  nucleotides  and  nucleosides  produced  by  transmural  nerve  stimulation.  The 
release  of  these  compounds  was  only  10%  of  that  from  the  intact  vessels  This  suggests 
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that  approximately  90%  of  the  transmural  nerve  stimulation^induced  overflow  of 
purines  is  dependent  upon  the  endothelium  The  removal  of  the  endothelium  also 
greatly  (by  93%)  diminished  the  release  of  adenine  nucleotides  and  nucleosides  by 
methoxamine 

These  results  with  endothe!ium*denudcd  blood  vessels  suggests  that  these  cells 
may  be  a  source  of  punnes.  To  test  this  idea  directly,  we  determined  whether  exposure 
of  cultured  endothelial  cells  to  NE  brought  about  the  liberation  of  ATP.  Preliminary 
results  are  shown  in  Figure  4.  NE  (10  ;rM)  was  able  to  cause  the  release  of  large 
amounts  of  ATP  from  endothelial  cells  in  primary  culture.  The  effect  of  NE  was 
antagonized  by  prazosin,  suggesting  that  it  was  m^iated  by  a>adrenoceptor$. 

Although  the  endothelium  appears  to  be  a  major  source  of  transmural  nerve 
$timulatton>induced  overflow  of  adenosine  and  the  adenine  nucleotides,  it  is  not  the 
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FIGURE  3.  Transmural  nerve  stimulanon  ( 16  Hz)  induced  release  of  NE  and  adenine  nucleo* 
(ides  and  nucleosides  (the  sum  of  ATP.  ADP.  AMP,  and  adenosine)  from  unrubbed  and 
cndothelium'denuded  (by  rubbing)  segments  of  rabbit  thoracic  aorta  Removing  the  endothelium 
did  not  significantly  affect  the  release  of  NE  but  reduced  the  release  of  the  punnes  by  approx¬ 
imately  90%  With  both  the  intact  and  rubbed  preparations,  ATP  constituted  about  10%  of  the 
pool  of  adenine  compounds  Note  the  difference  in  vertical  scales  for  NE  and  the  punnes 
Reproduced  from  reference  78  with  permission 


exclusive  source.  There  is  about  10%  of  the  total  that  is  independent  of  the  endo¬ 
thelium,  and,  of  this  endothelium-independent  release,  70%  is  blocked  by  prazosin. 
This  second  site  of  release  then,  which  we  believe  to  be  the  smooth  muscle,  accounts 
for  7%  of  the  total. 

Now  we  can  consider  the  question  of  neuronal  release  If  90%  of  the  total  overflow 
is  from  the  endothel'um  and  7%  is  from  the  smooth  muscle,  only  3%  of  the  total 
release  of  adenine  nucleotides  and  nucleosides  could  anse  from  the  nerves.  1$  this 
enough  to  support  a  cotransmitter  function  of  ATP?  We  believe  so.  Transmural  nerve 
stimulation  released  a  total  of  125  fmoles  ATP/mg  wet  weight  If  we  may  assume 
that  3%  came  from  the  nerves,  3.7  fmoles  ATP/mg  wet  weight  must  have  been 
released,  compared  to  a  release  of  3.8  fmoles  NE/mg  wet  weight,  that  is,  the  ratio 
of  NE  to  ATP  IS  1.  The  amount  of  ATP  may  actually  be  higher  if  indeed  some  of 
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FIGURE  4.  The  a, •receptor-stim¬ 
ulated  ATP  release  from  cardiac 
endothelial  cells  Endothelial  celts 
were  grown  for  7  days  m  plastic 
24-well  culture  dishes  Cells  were 
stimulated  following  removal  of 
growth  medium  and  by  addition  of 
physiological  salt  solution  without 
NE  (control),  with  NE  (10  ^M). 
or  with  NE  plus  prazosin  ( 1  ptM). 
Data  are  the  mean  of  three  exper¬ 
iments  expressed  as  pg/10*  cells 


<UH) 


the  released  ATP  was  metabolized  to  other  nucleotides  or  to  adenosine.  In  any  case, 
the  synaptic  concentrations  of  ATP  and  NE,  each  ansing  from  neuronal  sources,  are 
comparable.  Tlius  there  does  seem  to  be  direct  evidence  for  the  neuronal  release  of 
ATP.  and  neuronally  released  ATP  seems  to  appear  in  sufficient  quantities  to  act  as 
a  cotransmitter  in  vascular  smooth  muscle 


REFERENCES 


1.  CuBLLO,  A  C,  Ed  1982.  Co-transmission.  Macmiltian  London. 

2  Durnstock,  G.  1976  Neuroscience  1: 239-248 

3.  Stjarnb,  L.  1989  Rev.  Physiol  Diochem.  Pharmacol  112:  1-137. 

4.  Ambacke,  N.  &  M.  A.  Zar  197t.  h  Physiol  216:  359-389. 

5  SwEDiN,  A.  1971.  Acta  Physiol.  Scand  Supp!  83:  369 

6  Wakade.  a.  B.  &  }.  Krusz,  1972  J.  Pharmacol  Exp.  Thcr.  181:  310-317 

7  Smith,  A.  D  1972  Pharmacol.  Rev.  24: 435-457. 

i  Westfall,  D.  P.,  R.  E.  Stitzel  &  J.  N.  Rowe  1978.  Eur.  J.  Pharmacol  50;  27-38. 

9  Holck,  M  I  &  D  H  Marks  1978  J  Pharmacol.  Exp  Ther  205:  lM-117. 

10  Su,  C  1975.  J.  Pharmacol  Exp  Ther.  195:  159-166 

11.  Rowe,  J.  N  ,  K.  Van  Dyke,  D  P  Westfall  &  R.  E.  Stitzel  1976.  Pharmacology  14: 

193-2{M. 

12.  Levitt,  B  ,  R  J  Head  &  D  P.  Westfall.  1984.  Anal  Diochem  137:  93-100 
13  Lew,  M.  J.  &  T.  D  White  1987.  Br.  J.  Pharmacol  92:  349-355. 

14.  Hogaboom,  G  K  ,  j  P.  O'Donnell  &  J.  S.  Fedan.  1980  Science  208:  1273-1274 

15  Fedan,  J.  S  ,  G.  K.  Hogaboom,  J.  P.  O’Donnell  &  D  P  Westfall,  1985  In  Methods 

in  Pharmacology,  D.  M.  Paton,  Ed.  Vol.  6.  279-292.  Plenum  New  York,  NY 

16  Fedan,  J.  S.,  G  K.  Hocaboo.m,  J.  P.  O’Donnell,  J.  Colby  &  D  P  Westfall.  1981. 

Eur.  J  Pharmacol  69:  41-53 

17  Sneddon,  P.,  D  P  Wfstfall  &  J.  S  Fedan  1982  Science  218:  293-695 
1$  Sneddon,  P  &  D.  P  Westfall  1984  J.  Physiol.  347:  561-580 

19.  Kasakov,  L  &G  Burnstock.  1983  Eur.  J  Pharmacol  86:  291-294 
20  Meldrum,  L.  &  G.  Burnstock  1983.  Eur.  S.  Pharmacol  92:  161-163 
21.  Sneddon,  P  &  G  Burnstock.  1984  Eur  J  Pharmacol  100:  85-90 


WESTFALL  et  aii  ATP  AS  A  COTRANSMITTER 


309 


22.  Stmrne,  L.  &  P.  i^STRAND.  1984  Neurosci.  13: 2}*28. 

23.  Stjarne,  L  &  P.  Astrand.  1985.  Ncurosd.  14: 929-946. 

24.  Allcorn,  R.  J.,  T.  C  CunnaneA  K  Kirkpatrick.  1986  Br.  J  Pharmacol.  89: 647-659. 

25.  CUNNANB,  T.  C  &  R.  Manchanda.  1988.  J  Physiol  404:  349-364. 

26  Suzuki,  N  &  Y.  Gomi.  1989.  Jpn  J  Pharmacol.  49:  59-65 

27.  French,  A.  M.  &  N.  C  Scott.  1983  Expenentia  39:  264-266. 

28.  Sneddon,  P.,  D.  P.  Westfall,  J  Colby  &  J.  S.  Fedan.  1984.  Life  Sci.  35:  1903-1912. 

29.  Satchell,  D  1986.  Eur.  J.  Pharmacol.  132:  305-308 

30.  Ambache.  N.  &  M  a  Zar.  1970  h  Physiol.  210: 761-783. 

31.  Dumsday,  B.  H.  1971.  J.  Pharm.  Pharmacol  23: 222-225. 

32.  Burnstock.  O  ,  B.  Dumsday  Sc.  A.  Smythe.  1972.  Br.  J.  Pharmacol  44:  451-461. 

33.  Burnstock,  G.,  T.  Cocks,  R.  Crowe  &  L.  Kasakov.  1978.  Br.  J.  Pharmacol.  63; 

125-138. 

34.  Raezer,  D.  M.,  a.  j.  Wein,  D.  J.  Jacobowttz  &  J.  N.  Corriere,  Jr.  1973.  Urology 

2:  211-221. 

35.  DeOroat,  W.  C.  a  W.  R.  Saum,  1972.  J.  Physio!  220:  297-314. 

36  Downie,  j  W.  a  D.  M.  Dean.  1977.  J.  Pharmacol.  Exp.  Ther.  203:  417-425 

37.  Dean,  D.  M.  A  J  W  Downie  1978.  J.  Pharmacol.  Exp  Ther.  207:  431-445. 

38.  Krell,  R.  D  ,  j.  L.  McCoy  A  P.  T.  Ridley.  1981.  Br.  J.  Pharmacol.  74:  15-22 

39.  Westfall,  D.  P.,  J.  S.  Fedan,  J.  Colby,  G.  K  Hogaboom  A  J.  P.  O'Donnell,  1983. 

Eur.  J.  Pharmacol.  87: 415-422. 

40.  Belis,  j.  a..  J.  E  Colby,  L.  B.  Adlestein  A  D.  P.  Westfall.  1981.  Surg.  Forum  32: 

625-627. 

41.  Theobald,  R.  J.  1982.  J.  Auton.  Pharmacol  3: 175-179 

42.  Theobald,  R.  J,  1983.  Life  Sci.  32: 2479-2484. 

43.  Moss,  H.  E  A  O.  Burnstock.  1985.  Eur.  J.  Pharmacol  114: 311-316 

44.  Longhurst,  P.  E,  j.  a.  Belis,  I  P.  O’Donnell,  3.  R.  Oalib  A  D.  P.  Westfall. 

1984.  Eur.  J.  Pharmacol  99:  295-302. 

45.  Hoyle,  C  H.  V.  A  G.  Burnstock.  1985.  Eur.  J  Pharmacol.  114: 239-240. 

46.  Nakanishi,  H.  a  H.  Takeda.  1973.  Jpn.  J.  Pharmacol  23:  479-485. 

47  Wall  F.  a  a  E  Greenidge.  1989.  Pharmacol.  Res  21:  397-404. 

48.  Lancer,  S.  E  A  J.  E  B.  Pinto.  1976  J  Pharmacol.  Exp  Ther.  196:  697-713 

49.  Duval,  N  ,  P.  E  Hicks  A  S  Z.  Lancer.  1985  Eur.  J.  Pharmacol.  110:  373-377. 

50.  Su.  C.  1977,  J.  Pharmacol  Exp.  Ther.  204;  351-361. 

51.  Bevan,  j.  a  a  C.  Su.  1971.  Circ.  Res  28:  179-187. 

52.  Hirst,  G.  D.  S.  A  T.  0.  Neild.  1980  Nature  283:  767-768 

53  Holman,  M  E  A  A  M.  Surprentant.  1980  Br.  J.  Pharmacol.  71:  651-661. 

54.  Sneddon,  P.  A  G  Burnstock.  1984.  Eur.  J.  Pharmacol  106:  149-152 

55.  Neild,  T  O  A  N.  Kotecha.  1986  Gen.  Pharmacol  17;  461-464. 

56  Vidal,  M.,  P.  E.  Hicks  A  $.  Z.  Langer.  1986  Naunyn-Schmiedcberg's  Arch  Pharmacol 
332:  384-390 

57.  Dalziel,  H.  H.,  M.  Maciialy  A  P.  Sneddon.  1988.  Br.  3.  Pharmacol.  95:  187P 

58.  Bag,  J.  X ,  I.  E  Eriksson  A  L  Stjarne.  1989  Acta  Physiol  Scand  136:  139-140 
59  ISHiKAWA.  S  1985.  Br.  J.  Pharmacol.  86:  777-787. 

60.  KOgelcen,  1  V.  A  K.  Starke  1985  J  Physiol  367:  435-455 

61.  Ramme,  D  ,  j.  T  Recenold,  K  Starke,  R.  Busse  A  P.  Illes  1987.  Naunyn-Schmie- 

deberg’s  Arch.  Pharmacol.  336;  267-273 
62  Muramatsu,  I.  1986  Br  J.  Phamiacol  87: 478-480 

63.  Maciialy,  M  ,  H  H  Dalziel  A  P.  Sneddon.  1988.  Eur.  J.  Pharmacol.  147:  83-91. 
64  Muramatsu,  I.,  T.  Ohmura  A  M.  Osiifta  1989  J  Physiol  411:  227-243. 

65.  Suzuki,  H.  1985  J  Physiol  359:401-415. 

66  Kennedy,  C.,  V.  L.  Saville  A  G.  Burnstock  1986  Eur  J  Pharmacol  122:291-300 
67.  Saville,  V.  L  AG.  Burnstock  1988.  Eur.  J.  Pharmacol.  155:  271-277 
68  Cheung,  D  W,  A  M.  Fujioka.  1986.  Br  J  Pharmacol  89;  3-5 

69.  Burnstock,  G.  A  J.  J.  I.  Warland  1987.  Br.  J.  Pharmacol.  90: 111-120 

70.  Warland,  J.  J  LAG  Burnstock.  1987.  Br  J  Pharmacol  92:  871-880 

71  Muramatsu,  I.,  M.  Fujiwara,  A  Miura  A  Y.  Sakakibara  1981  J  Pharmacol  Exp 
Ther.  216:  401-409 


310 


ANNALS  NEW  YORK  ACADEMY  OF  SQENCES 


72  Muramatsu.  !  &  S.  Kigoshi.  1987.  Br.  h  Pharmacol  92:  901-908 

73  White,  T,  D,  1988.  Pharmacol  Thcr  Rev  38:  129-168. 

74.  Katsuragi,  T.  a  C  Su.  1980.  J.  Pharmacol.  Exp  Thcr.  215:  685-690. 

75  Burnstock,  G  ,  R.  Crowe  A  H  K.  Wong  1979.  Br  J  Pharmacol  65:  377-388. 

76  Levitt.  B.  A  D.  P.  Westfall,  1982  Blood  Vessels  19:  30-40, 

77.  Westfall,  D  P  ,  K  Sedaa  A  R.  A.  Biur.  1987.  Blood  Vessels  24:  125-127. 

78.  Sedaa,  K  0.,  R.  A.  Bjur  A  D  P.  Wesitall.  1989.  J,  Pharmacol.  Exp  Ther.  252: 

1060-1067. 

79  White,  T  D  1985. //i  Methods  tn  Pharmacology.  D  M  Paton,  Ed.  Vol  6  43-63.  Plenum. 

New  York,  NY. 

80  Pearson,  J.  D  1985.  In  Methods  in  Pharmacology.  D  M.  Paton,  Ed.  Vol  6  83-107 

Plenum.  New  York,  NY. 

81.  Fredholm,  B  B  ,  P  Hcdqvist  A  L.  Vernet.  1979.  Acta  Physiol.  Scand.  106:  381-382 

82.  Pearson,  J.  D.  A  E  L  Cordon  1979.  Nature  281:  384-386 

83.  Nees,  S  a  E  Gerlach.  1983  In  Regulatory  Function  of  Adenosine  R  M.  Berne,  T 

N.  Rail  A  R.  Rubio.  Eds  *  347-355.  Martinus  NijhofT.  Boston,  MA. 


Characteristics  of  Receptor- 
Operated  and  Membrane  Potential- 
Dependent  ATP  Secretion  from 
Adrenal  Medullary  Chromatin  Cells 

EDUARDO  ROJAS,"  VALENTIN  CENA.‘ 

ANDRES  STUTZIN,"  ERIK  FORSBERG,  AND 
HARVEY  B.  POLLARD 

Laboratory  of  Cell  Biology  and  Genetics 
National  Institute  of  Diabetes  and 
Digestive  and  Kidney  Diseases 
National  Institutes  of  Health 
Betkesda.  Maryland  20892 


INTRODUCTION 


Catecholamine  secretion  from  medullary  chromaffin  cells  is  widely  appreciated  to 
occur  by  exocytosis,  and  the  system  has  b^n  closely  studied  over  the  past  decades 
as  a  biological  prototype  for  the  process.'  Nonetheless,  the  mechanisms  by  which 
chromaffin  granules  eventually  fuse  with  plasma  membranes  and  release  their  content 
outside  the  ceil  remain  poorly  understood.’  It  is  known  that  a  rapid  elevation  in  the 
free  calcium  concentration,  in  the  cytosol,  in  response  to  acetylcholine  (ACh),  precedes 
exocytosis,  and  that  the  calcium  increase  is  dependent  on  the  function  of  receptor- 
operated  (cholinergic)  and  voltage-sensitive  calcium  channel  m  the  plasma  membrane, 
liie  process  by  which  calcium  subsequently  induces  granule  and  plasma  membrane 
contact,  however,  is  not  known.  Inde^,  protein  mediators  such  as  synexin,  and/or 
other  members  of  the  synexin  (annexin)  gene  family,  have  been  implicated.’ 

Furthermore,  once  calcium  acts,  at  least  two  types  of  membrane  fusion  processes 
occur.  Simple  exocytosis  involves  fusion  of  a  granule  membrane  with  the  plasma 
membrane.  Chromaffin  granules  situated  more  deeply  within  the  cell,  however,  also 
fuse  with  granule  membranes  that  have  already  secreted  by  the  simple  process,  and 
that  are  still  attached  to  the  plasma  membrane.  Such  secretion  is  termed  compound 
exocytosis  In  addition  to  such  heterogeneity,  one  may  note  that  the  typical  chromaffin 
cell  preparation  contains  cells  specific  for  cither  epinephrine  or  norepinephrine. 

^To  whom  correspondence  should  be  addressed 

^Present  address  Department  of  Neurochenistry,  University  of  Alicante,  Alicante,  Spam 

^Present  address  Department  of  Expenmenta)  Medicine,  Faculty  of  Medicine,  University  of 
Chile,  Santiago,  Chile 


311 


312 


ANNALS  NEW  YORK  ACADEMY  OF  SOENCES 


In  the  face  of  such  mechanistic  complexity*  one  might  anticipate  that  the  kinetics 
of  exocytosis  might  also  be  extraordinarily  complex.  Surpnsingly,  however,  the  kinetics 
of  this  process  in  chiomaffin  cells  has  b^n  barely  studied.*^  The  reason  is  that  until 
very  recently  secretion  could  only  be  studied  by  a  quantitative  but  cumbersome 
endpoint  method  for  catecholamines,  with  low  time  resolution.  Low  time  resolution 
was  inescapable  and  implicit  in  the  older  approach  because  detection  depended  not 
only  on  catecholamines  being  released  from  the  cell,  but  also  on  their  being  diffused 
into  the  bulk  phase  for  collection  and  analysts.  By  contrast,  the  new  methodology 
involves  a  quantitative,  on-line  method  using  highly  purified  luciferase  for  detecting 
the  ATP  molecules  that  are  cosecreted  with  the  catecholamines  at  the  anatomic  point 
of  exocytosis.*  The  time  resolution  is  about  1  msec,  and  noise  analysis  on  small 
populations  of  chromaffin  cells  (10’)  has  even  allowed  us  to  detect  “unitary  events'* 
of  about  25  msec  in  duration,  using  a  sensitive  photometer  of  our  own  design.’ 


EARLY  TIME  COURSE  OF  ACh-STIMULATED  ATP  RELEASE 


Figure  IB  depicts  a  typical  record  of  the  time  course  of  the  light  emitted  by  the 
lucifenmluciferase  mixture  after  the  application  of  ACh  ( 1  ^M)  to  the  cells  at  23  *C 
Application  of  the  physiological  secretagogue  caused  an  imm^iate  increase  m  the 
light  signal,  which  reached  a  steady  state  level  after  a  few  minutes. 

Given  the  assumption  that  ATP  is  released  by  two  parallel  processes,  the  time 
course  of  the  secretory  response  can  be  represented  by  the  empincal  function 


ATP(0  «  B  +  ^ll-expC-r/r,)}’  +  y4,(l-cxp(-'r/r,)  (1) 


where  B  represents  the  basal  level  of  ATP,  At  and  represent  the  maximum  amount 
released  from  the  fast  and  slow  compartments,  and  Tf  and  r,  represent  the  corre¬ 
sponding  time  constants.* 

The  lucifenn-luciferase  kit  used  m  the  present  senes  of  experiments  contained 
lucifenn  in  excess.*  Therefore,  the  rate  of  reaction  should  just  be  proportional  to  the 
concentration  of  ATP.  To  verify  this  assumption,  we  measured  the  rate  of  decay  of 
the  light  signal  as  a  function  of  the  amount  of  ATP  added  to  the  reaction  chamber 
(10-40  pmol).  A  single  time  constant  was  required  to  fit  the  decay  in  the  light  signal 
(Fig  1A),  and  the  time  constant  of  decay  was  independent  of  the  amount  of  ATP 
added.  As  expected,  lowering  the  temperature  from  37  to  23  *C  increased  the  time 
constant  of  decay  from  549  ±  U.6  to  1683.4  ±  62.7  sec  (Fio.  lA). 

Figure  IB  illustrates  the  effect  of  the  decay  of  the  light  signal  caused  by  the  ATP 
hydrolysis  on  the  t  valuation  of  the  kinetic  parameters  of  the  early  phase  of  the  secretory 
response  at  23  *C  The  best  fit  of  the  noisy  record  gave  values  for  Tf  and  t,  of  6.8  and 
32.4  sec,  respectively.  To  correct  for  inactivation,  we  divided  the  experimental  curve 
by  an  exponential  function  with  the  appropriate  time  constant  of  inactivation 


ATP^^UO  =  ATP(r)/exp(  -//r)  (2) 


v/here  r  represents  the  time  constant  of  inactivation.  ATP  release  after  correction  for 
ATP  hydrolysis  was  then  fitted  using  equation  2.  At  23  *C,  i  was  about  1700  sec  and 
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the  time  constants  r,  and  r,  obtamed  from  the  fit  of  the  experimental  record  using 
equation  1  before  and  after  correction  for  inactivation  decreased  from  6.8  and  32.4 
sec  to  6.8  and  31.8  sec,  respectively.  This  result  shows  that  the  uncorrected  time 
constants  are  very  similar  to  the  true  time  constants.  For  this  reason,  in  the  analysis 
presented  here,  we  considered  only  the  onginal  uncorrected  records  (Fig.  IB)  It 
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FIGURE  1.  (A)  Calibration  of  (he  reaction  mixture  and  luminescent  detection  Record  of  the 
photomultiplier  output  at  23  *C  At  time  zero,  10  of  Krebs  solution  containing  40  pmol  of 
ATP  (arrow)  were  added  to  the  reaction  mixture.  Fitted  curve  is  a  least'squares  fit  of  the 
following  equation*  ATP(r)  “  40  exp  (— //t)  pmol,  where  r  represents  a  time  constant  of 
decay  equal  to  1688  ±  62.7  sec.  (B)  ACh-evok^  ATP  release  from  freely  suspended  chromaffin 
cells.  Record  of  (he  photomultipUer  output  representing  the  time  integral  of  the  ATP  released 
in  (he  reaction  chamber  ("expenmentar*)  About  10,000  cells  were  present  in  the  reaction 
muture.  The  arrow  indicates  the  addition  of  10  ft!  of  Krebs  solution  containing  20  ;tM  ace¬ 
tylcholine  to  190  of  reaction  medium  The  curve  labeled  ’’fitted'*  represents  the  best  possible 
fitting  to  the  expenmental  record  using  equation  1.  The  curve  laKled  ’’corrected”  indicates  the 
data  corrected  by  inactivation  of  the  lummiscence  signal  Temperature  23  *C 


should  be  emphasized  that  the  extent  of  ATP  ivlease  measured  80  sec  aOer  the  addition 
of  the  sccretagogue  represents  about  90%  of  the  ATP  level  that  would  have  been 
reached  if  the  reaction  had  occurred  in  the  absence  of  ATP  hydrolysis  (Fic.  IB). 

Figure  2  depicts  the  average  time  course  of  the  ATP  secretion  evoked  by  nicotine 
(22.S  /xM)  from  three  experiments  earned  out  at  23  *C.  The  curve  was  calculated 
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with  equation  1.  The  values  ot  and  Ai  that  gave  the  best  tit  were  12.2  pmol  and 
2.4  pmol,  respectively,  and  the  corresponding  time  constants  were  16  and  1  5  sec, 
respectively.  With  these  values,  we  can  calculate  the  time  course  of  the  rates  of  ATP 
secretion  from  each  process  The  reason  for  this  is  that  the  ATP  released  by  the  cells 
is  confined  to  the  reaction  chamber,  and,  therefore,  the  light  output  from  the  reaction 
represents  accumulative  ATP  released.  Thus,  the  lime  derivative  of  this  signal  rep¬ 
resents  the  time  course  of  the  rate  of  ATP  release  (Fig  2,  insert).  The  rates  of 
secretion  start  decaying  from  their  initial  values  A,/Tt  and  ^./t,  (equal  to  0.76  and 
1.6  pmol/sec,  respectively)  toward  the  basal  rate  with  time  constants  r,  and  r,.  Thus, 
in  the  maintained  presence  of  the  agonist,  ATP  secretion  rate  returned  to  basal  levels 
in  a  few  minutes,  consistent  with  data  for  the  rate  of  secretion  of  catecholamines.* 


FIGURE  2.  Kmciic  analysis  of  ATP  release  Time  course  of  ATP  release  in  response  to  the 
addition  of  nicotine  (22.5  fiM)  The  filled  circles  represent  the  average  data  from  three  exper¬ 
iments  The  solid  curve,  which  represents  the  best  fit  to  the  experimental  data,  was  calculated 
as  explained  in  the  text  using  equation  I  The  inset  shows  the  calculated  lime  course  of  the  rates 
of  release  from  two  different  ATP-releasable  pools  Single  exponentials  were  calculated  using 
A,/t,  (0.76  pmol/sec)  and  A,/Tf(l.6  pmol/sec)  from  the  least-squares  ht  to  the  data 


EFFECT  OF  Ca**  ON  NICOTINE-EVOKED  ATP  RELEASE 


In  chromaffin  cells  from  the  adrenal  gland,  the  secretion  of  catecholamines  is 
evoked  by  stimulation  of  cholinergic  receptors  and  depends  on  calcium  in  the  medium. 
As  shown  in  Figure  3,  this  is  also  the  case  for  nicotine-stimulated  ATP  release 
Nicotine  (30  ^M)  was  applied  to  cells  in  the  luciferin-luciferase  medium  in  presence 
of  different  (Ca^*L.  A  few  minutes  pnor  to  the  stimulation  of  the  cells,  EGTA  was 
added  to  adjust  at  the  desired  level.  In  presence  of  1.9  mM  Ca*"^,  nearly 

20%  of  the  cellular  ATP  was  released  as  a  result  of  nicotinic  stimulation  (FiC.  3C). 
The  secretagogues  used  in  this  study,  namely,  ACh,  nicotine,  and  high  K^,  were 
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inefFective  in  eliciting  ATP  secretion  from  cells  m  Ca*^-free  media.  The  lowest 
required  to  obtain  a  measurable  secretory  response  to  nicotine  was  0.2  mM 

In  contrast  to  the  marked  effect  of  on  the  extent  of  ATP  release,  the  time 

constants  required  to  fit  the  kinetics  of  ATP  release  were  less  affected  by  [Ca^*]«. 
This  property  of  ATP  secretion  is  illustrated  in  Figures  3A  &  3B  Two  examples  of 
our  analysis  of  the  effects  of  [Ca**]^  on  the  time  course  of  the  two  components  of 
the  release  process  are  shown.  The  components  of  a  record  made  in  the  presence  of 
1.9  mM  [Ca**)o  (Fig.  3A)  can  te  compared  to  those  from  another  record  obtained 
at  0.3  mM  (Fig.  3B).  To  facilitate  the  comparison,  the  records  were  normalized  by 
dividing  all  the  values  by  the  value  at  70  sec.  At  1.9  mM  (Ca**).>,  r,  and  r,  were 
equal  to  3  7  and  12.5  sec,  respectively.  At  0.3  mM  (Ca^*L  the  corresponding  values 
were  5.6  and  25.6  sec,  respectively,  the  differences  t^mg  significant.  The  extent  of  the 
ATP  secreted  by  the  fast  and  the  slow  processes  have  been  plotted  m  Figure  3C, 
together  with  the  total. 


MEMBRANE  POTENTIAL  DEPENDENCE  OF  ATP  RELEASE 


To  determine  the  relationship  between  membrane  potential  and  nicotine-evoked 
ATP  release,  the  (K*]«  was  increased  from  5  mM  to  different  levels.  After  the  K** 
evoked  ATP  secretion  reached  a  steady  state  level,  nicotine  was  applied.  The  time 
course  of  the  responses  obtained  with  this  sequence  of  stimuli  are  shown  in  Figure 
4  (upper  panel)  Application  of  K*  (68  mM)  induced  ATP  release  (18%  of  the  total 
ATP  in  the  cells),  and  the  signal  leveled  after  65  sec.  Application  of  nicotine  (30 
^M)  also  resulted  in  further  release  of  ATP  (5%  of  the  total  ATP)  The  nicotine- 
induced  secretory  responses  obtained  at  different  (K*],  values  ranging  from  5  to  120 
mM  are  shown  in  Figure  4  (lower  panel)  Each  response  has  been  normalized;  that 
is,  the  vertical  axis  represents  the  extent  of  the  nia>tmc-cvoked  ATP  release  at  a  given 
divided  by  the  extent  of  the  nicotine-evoked  ATP  release  at  a  of  5  mM. 
Each  point  represents  the  mean  value  from  three  determinations.  Each  determination 
was  corrected  to  take  into  account  the  inhibition  of  the  luciferin-luciferase  system  by 
(K  *],  Corrected  values  are  plotted  in  Figure  4  (lower  panel)  as  a  function  of  the 
membrane  potential  at  each  Membrane  potentials  were  calculated  assuming 

that  (Na^J,  was  38  mM,  that  (K*),  plus  [Na*L  «iualed  150  mM,  and  that 
Pk  was  0.025.’®  It  may  be  seen  that  even  when  the  chromaffin  cell  membrane  is 
completely  depolarized,  further  ATP  secretion  is  evoked  by  the  activation  of  nicotinic 
receptor  channels. 


PHENOTHIAZINE  DRUGS  BLOCK  NICOTINE-  AND  K  "-EVOKED 
ATP  RELEASE 


Phenothiazine  drugs  such  as  tnftuoperazine  (TFP)  and  p.omethazine  (PMTHZ) 
block  secretion  at  quite  low  concentrations  TFP  also  blocks  ACh-mduced  ATP 
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release  from  bovine  adrenal  chromaffin  cells.”  We  confirmed  this  result  by  showing 
that  TFP  is  also  effective  m  blocking  nicotine-evoked  ATP  release  (Fio  5A,  a  control 
expenment  testing  whether  TFP  (5  p.M)  induces  ATP  secretion,  Fig  5B,  the  results 
after  a  2-iiiin  prcincubation  penod  in  the  presence  of  1  TFP)  The  responses  to 
nicotine  (3  2  ;iM)  and  to  elevated  {K*),  from  cells  in  the  presence  and  absence  of 
TFP  can  be  compared.  The  blockade  of  the  nicotinic  receptor-mediated  secretory 
response  was  rapid  (FiC  5A,  lower  record)  and  complete  m  less  than  2  min  (Fig. 


FIGURE  4.  Dependence  on  membrane  potential  of  mcotinc'evoked  ATP  release  Upper  trace; 
Time  course  of  the  ATP  release  induced  by  a  sudden  elevation  of  (K*),  from  5  to  68  mM. 
Afier  68  sec,  nicotine  (30  ^M)  was  added  Ixwer  trace  Normalized  and  corrected  ATP  release 
induced  by  nicotinic  receptor  stimulation  (nicotine*  30  ;iM)  at  difierent  membrane  potentials 
Vertical  axit*  (steady  state  ATP  released  by  nicotine  at  the  indicated  (K  *  l,)/(5twdy  stale  ATP 
released  by  nicotine  at  resting  membrane  potential).  Each  point  represents  the  mean  value  of 
three  experiments  The  abscissa  was  calculated  as  iRT/F)  In  [Na*!,  -f  lK^l,)/(PNy 

PulNa^J.  +  (K*}}j,  assuming  that  (Na*J.  +  (K*J.  »  150  mM  and  that  *  120  mM 
Note  that  R.  T.  and  Fhave  their  usual  meanings,  and  that  Pn./Pk  taken  as  0025  Tem¬ 
perature  20-23 *C 


5B)  As  for  the  ATP  secretion  induced  by  high  (K*]^  TFP  was  less  effective  and 
the  response  in  the  presence  of  TFP  was  slower  than  in  the  control  expenment 
PMTHZ  was  10-fold  less  cffeclive  than  TFP  in  blocking  nicotine-mduced  ATP  se¬ 
cretion  (data  not  shown).  Because  TFP  and  PMTHZ  also  block  chromaffin  granule 
aggregation  induct  by  the  cytosolic  protein  synexin,”  we  interpret  the  results  shown 
in  Figure  S  to  be  consistent  with  the  hypothesis  that  synexin  molecules  are  the 
receptor/target  molecules  for  the  phenothiazinc  drugs 
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FIGURE  5,  TFP  blockade  of  mcotme'induced  ATP  secretion  (A)  Sequential  stimulation  of 
bovine  chromaffin  celts  first  with  nicotine  (3  2  ^M)  and  then  high  K  (70  mM)  of  the  cells  in 
the  absence  of  TFP  (upper  trace)  and  15  sec  after  the  application  of  TFP  (5  ^M,  lower  trace) 
(B)  Similar  sequence  of  stimuli  in  the  absence  of  TFP  (upper  trace)  and  after  2  mm  of  incubation 
in  the  presence  of  TFP  ( 1  fiM,  lower  trace)  (C)  The  extent  of  the  ATP  secreted  by  the  fast 
(A[,  O )  and  the  slow  (^p  O )  processes,  and  the  total  ATP  secretion  {A, -i-  A^0)  Temperature 
37 ‘C 


INTRACELLULAR  DISTRIBUTION  OF  ATP  AND  GRANULAR 
ORIGIN  OF  THE  SECRETED  ATP 


ATP  IS  distributed  both  m  the  secretory  granules  and  in  the  cytosol  of  the  adrenal 
medullary  cells  To  establish  the  ongm  of  the  secreted  ATP,  we  permeabilized  the 
cells  by  application  of  digitonin.'*’*’ 
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Chromaffin  cells,  which  were  suspended  in  a  medium  with  low  low  Cl" 
(isethionate  in  place  of  chloride),  and  luciferinduclferase,  were  subjected  to  digitonm 
treatment.  Figure  6  shows  that  about  15%  of  the  ATP  in  the  cells  was  rapidly 
released  to  the  medium.  Under  these  condition^  application  of  ACh  ( 100  jtM)  failed 
to  evoke  further  release.  This  ATP  may  represent  the  sum  of  the  ATP  m  the  cytosol 
plus  a  small  fraction  of  the  ATP  from  the  granular  pool,  releasable  by  Ca^^  at  1 
”  Finally,  treatment  of  the  reaction  mixture  with  1%  triton  X-100  released  the 
remainder  of  the  ATP  in  the  cells  The  ATP  released  had  probably  been  contained 
within  intact  chromaffin  granules.  The  light  level  reached  with  the  triton  X-100 
treatment  gave  the  total  ATP  as  2,000  pmol  (Fig.  6).  Because  the  reaction  mixture 
for  this  particular  experiment  contained  about  250,000  cells,  the  measured  ATP  content 
per  chromaffin  cell  was  8  fmol.  Under  these  experimental  conditions,  namely  isethion¬ 
ate  m  place  of  chloride  and  low  (Ca^*]«  (1  jiM)  in  the  external  medium,  10  to  16% 
of  the  ATP  in  the  cells  is  liberated  by  digitonm  {N  =  40). 


ATP  RELEASE  AS  A  MARKER  OF  CATECHOLAMINE 
SECRETION 


In  previous  preliminary  communications^*  and,  in  more  detail,  m  the  present 
work,  we  have  shown  that  Ca**-dependent  secretion  from  chromaffin  cells  can  be 
quantitatively  measured  using  a  highly  purified  lucifenn*Iucifera'.e  preparation  to  assay 
released  ATP.  With  this  new  technique  it  is  possible  to  determine  the  kinetic  parameters 
of  secretion  with  a  time  resolution  m  the  millisecond  range.* 

ACh-induced  ATP  release  shares  many  properties  with  catecholamine  secretion. 
Our  studies  of  the  (Ca**  J,  dependence  of  the  nicotinic  receptor-activated  ATP  release 
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FIGURE  6,  Identification  of  the  ongin  of  the  secreted  ATP  Record  represents  the  tune  integral 
of  the  ATP  released  from  about  230,000  chromaffin  cells  m  response  to  the  following*  an 
application  of  20  fiM  digitonm  (arrow  on  the  left),  a  sul^equent  application  of  100  jiM  ace¬ 
tylcholine  (middle  arrow),  and  a  subsequent  application  of  \%  tnton  X-IOO  (arrow  on  the 
right)  The  low-(Ca**h  reaction  medium  was  made  with  ivethionate  in  place  of  chloride  ions 
The  (Ca**h  levels  were  maintained  at  I  pM 
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and  our  studies  of  the  blockade  by  channel  antagonists  show  that  entry 
IS  mandatory  for  ATP  release.  Furthermore,  phenothtazine  drugs  such  as  TFP  and 
PMTHZ  were  effective  inhibitors  of  ATP  release.  Both  drugs  are  known  to  block 
catecholamine  secretion  TFP  also  blocks  ATP  release  at  concentrations  below 
TFP  concentrations  reported  to  interfere  with  either  influx^  or  catecholamine 
transport.*'  Another  important  similanty  between  the  catecholamine  and  ATP  secre¬ 
tion  processes  is  the  extent  of  the  release  A  maximum  ATP  release  of  26%  of  the 
cellular  ATP  was  obtained  by  application  of  100  ACh.  Similar  catecholamine 
responses  have  been  reported  for  bovine  chromaffin  cells. 


ORIGIN  OF  MULTICOMPONENT  KINETICS  OF  ATP  RELEASE 


I  he  data  clearly  showed  at  least  two  components  to  the  secretory  process,  which 
we  have  termed  "fast"  and  “slow."  There  are  a  number  of  possible  alternative  origins 
for  these  two  components.  The  initial  concept,’  for  example,  attributed  the  fast  com¬ 
ponent  to  simple  exocytosis  and  the  slow  component  to  compound  exocytosis  The 
two  components  could  also  correspond  to  secretion  of  epinephrine  and  norepinephrine 
because  these  catecholamines  are  in  separate  cells.  There  is  no  other  evidence,  however, 
to  suggest  that  these  two  processes  arc  kinetically  distinct.  Because  the  relative  con- 
tnbutions  of  both  components  to  secretion  are  nearly  equal  and  independent  of  the 
concentration  of  the  cholinergic  agonists,  the  existence  of  these  components  appears 
to  be  a  specific  property  of  the  secretion  event  per  se.  Perhaps  a  vesicle,  upon  fusion, 
secretes  a  readily  available  fraction  of  its  ATP,  and  perhaps  this  ATP,  which  is 
possibly  deeper  in  the  core,  is  released  at  a  slower  rate  Evidence  that  this  may  i>e  a 
valid  possibility  rests  in  unpublished  observations  from  our  laboratory  that  ATP 
releas^  from  isolated  chromaffin  granules  during  osmotic  lysis  follows  a  process 
defined  by  two  time  constants 


ORIGIN  OF  THE  ATP  RELEASED  BY  PERMEABILIZATION 


ATP  IS  distributed  both  in  secretory  granules  and  cytosol.  We  have  seen  that  m 
low  [Ca**L  (1  6)  close  to  16%  of  the  cellular  ATP  is  liberated  after 

treatment  of  the  cells  with  digitonin  Digitonin  solubilizes  the  plasma  membiane  of 
the  chromaffin  cell,  leaving  the  organelles  such  as  chromaffin  granules,  mitochondria, 
and  endoplasmic  reticulum  intact.'*'*’  The  pcrmeabilired  cell  loses  large  molecules 
such  as  lactate  dehydrogenase  (LDH),  but  not  dopamine  /3-hydroxylasc  (DBH)  or 
catecholamines,  which  are  found  in  the  granules.  On  the  other  hand,  previous  reports 
show  that  the  high  electric  field  permeabihzation  technique  induced  the  release  of 
about  7%  of  the  cellular  ATP.'*”  Application  of  high  electnc  field  pulses,  a  few 
microseconds  in  duration,  makes  holes  in  the  plasma  membrane  estimated  to  be  4-5 
A  in  diameter.  These  holes  do  not  allow  LDH  to  escape.'*  Thus,  it  can  be  assumed 
that  luciferase  cannot  enter  the  permeabilized  cells,  and,  therefore,  the  detection  of 
ATP  in  our  early  studies*  took  place  outside  the  cell  boundary,  unlike  the  situation 
with  digitonm-permeabilized  cells.  It  seems  logical  to  assume  that  the  greater  per¬ 
centages  obtained  with  digitonin,  namely  16%  compared  with  ?%*■’  obtained  with 
the  high-voltage  pulses,  may  be  attnbutable  to  the  more  efficient  membrane  removal 
by  digitonin.  We  have  seen  that  the  extent  of  the  ATP  release  evoked  by  application 
of  ACh  may  reach  levels  as  high  as  30%  of  the  total  cellular  ATP  (Fig.  4)  We  have 
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also  shown  the  ATP  release  from  cells  permeabilized  using  digitonin  was  only  16% 
of  the  ATP  in  the  cells  Thus,  there  can  be  no  doubt  that  at  least  this  additional  ATP 
release  after  ACh  stimulation  must  onginate  m  a  compartment  other  than  the  cytosol 
The  total  ATP  that  can  be  extracted  from  the  cell  is  close  to  8  fmol/cell  (Fig. 
6).  Because  16%  of  the  total  ATP  (1.3  fmol)  is  distributed  in  about  50%  of  the  cell 
volume  (2,5  X  10“‘®  cm*),  the  overall  concentration  of  ATP  in  the  cytosolic  com¬ 
partment  IS  calculated  to  he  10  fimol/cm*.  Taking  the  mean  volume  of  the  granule 
as  4.2  X  10"’*  cm*,  and  estimating  that  there  are  10*  granules  per  cell'*,  we  calculate 
that  the  ATP  concentration  in  the  granular  pool  is  160  ^mol/cm*. 
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DISCUSSION  OF  THE  PAPER 


E  M.  SiLlNSKi  (Northnestem  University  Medical  School  Chicago,  IL)',  Have  you 
tned  to  detect  quantal  ATP  release  electrophysiologically  by  taking  patches  of  mem¬ 
branes  with  fast  ATP-gated  K*  channels,  placing  the  electrode  with  ATP  receptor 
channel  near  your  chromaffin  cells  and  then  measuring  the  ionic  currents  in  your 
patch  produced  by  quanta)  ATP  release? 

RojAS:  We  have  not  tried  this  experiment.  We  have  determined  instead  the  quantal 
nature  of  the  cholinergic  receptor-activated  ATP  release  by  cross-correlation  analysis 
of  the  signals  from  two  identical  light  detectors  receiving  the  light  from  the  reaction 
chamber  containing  about  10,000  bovine  medullary  chromaffin  cells  (E.  Rojas,  E. 
Forsberg  &  E.  B.  Pollard,  Adv  Ex^  Med.  Biol  211;  7-29, 1986).  The  mean  duration 
of  each  quantal  event  changes  in  time  after  the  application  of  the  cholinergic  agonist, 
from  about  50  msec  (measured  immediately  after  the  application  of  acetylcholine)  to 
120  msec  (about  100  sec  of  exposure  to  the  agonist).  The  size  of  each  individual  event 
(estimated  by  us  to  be  of  the  order  of  5  X  10" '*  mol)  could  not  be  obtained  using 
cross-correlation  analysis  because  the  ATP  concentration  at  the  release  site  is  pre¬ 
sumably  130  mM  and  because,  at  this  extremely  high  concentration,  lucifenne  is 
rapidly  consumed,  which  makes  it  impossible  to  calibrate  the  system. 

G.  Burnstock  {University  College,  London,  England).  Would  you  care  to  spec¬ 
ulate  about  the  role(s)  of  ATP  released  from  adrenal  medullary  chromaffin  cells? 

RojfAS'  Pc'haps  this  question  should  be  answered  by  Dr.  E  Forsberg  who  is 
attending  this  n  eeting  and  who  has  been  working  m  our  laboratory  for  the  past  three 
years  on  the  3<'.tion($)  of  ATP  using  endothelial  cells  from  the  adrenal  medulla  in 
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culture  In  summary,  endothelial  cells  respond  to  ATP  in  many  different  ways.  For 
example,  the  phosphoinositide  metabolism  is  rapidly  activated  by  externally  applied 
ATP,  and  the  subsequent  generation  of  inositol  tnsphosphate  and  diacylglycerol  from 
phosphatidylinositol  4,5>bisphosphate  is  accompanied  by  Ca^*^  release  from  internal 
stores.  Thus,  we  propose  that  one  action  of  ATP  is  to  reduce  the  capillary  permeability 
bamers  by  acting  directly  on  the  endothelial  cel!  and  thus  to  facilitate  the  export  of 
the  catecholamines  into  the  main  blood  stream 

T.  D  White  (Dalhousie  University,  Halifax,  Nova  Scotia,  Canada)  Do  you  think 
that  your  fast  phase  of  ATP  release  might  correlate  with  adrenaline  secretion  and 
your  slow  phase  of  ATP  secretion  with  noradrenaline  release,  as  we  showed  previously? 

Rojas  Because  the  time  constant  involved  in  the  fast  phase  of  ATP  release  is 
close  to  the  sampling  time  in  your  catecholamine  experiment  (T.  D  White,  J.  E 
Bourke  &  B.  G.  Livett,  Neurochemistry  49: 1266- 1273,  1987),  it  is  difficult  to  compare 
both  sets  of  measurements.  The  simplest  interpretation  of  our  results  is  to  consider 
that  secreted  ATP  originates  in  two  different  pools  The  fastest  release  process  (time 
constant.  2-5  sec  at  23  *C)  may  correspond  to  nucleotide  released  from  a  pool  in  close 
proximity  to  the  cell  membrane  The  slow  secretory  process  (time  constant*  20-50 
sec)  may  correspond  to  ATP  release  from  another  poo),  further  away  from  the 
membrane  Another  explanation  for  the  two  components  of  release  could  be  the 
concurrence  of  both  direct  and  compound  exocytosis  Regardless  of  the  ongm  of  the 
secreted  ATP,  however,  our  results  clearly  establish  the  biphasic  nature  of  ATP 
secretion  induced  by  cholinergic  agonists  and  by  membrane  depolanzation. 

White.  We  also  observed  that  the  initial  rate  of  ATP  secretion  evoked  by  ace¬ 
tylcholine  (or  nicotine)  was  dose  dependent,  whereas  you  see  no  difference.  Would 
you  care  to  comment  on  this? 

Rojas:  We  found  that  the  kinetics  of  ATP  release  induced  by  acetylcholine  (or 
nicotine)  was  independent  of  the  dose  used  to  stimulate  chromaffin  ceils.  We  also 
found  that,  in  contrast,  the  kinetics  of  ATP  secretion  was  markedly  dependent  on 
(K^]«.  Although  It  is  generally  accepted  that  many  of  the  steps  in  the  sequence  of 
events  leading  to  exocytosis  may  be  common  to  both  modes  of  activation  of  the 
secretory  response,  some  profound  difTcrcnces  must  exist  between  the  two  modes  of 
activation.  Indeed,  we  and  others  have  shown  that  the  extent  of  membrane  depolar¬ 
ization  evoked  by  a  maximal  dose  of  acetylcholine  (100  jrM)  is  comparable  to  that 
obtained  with  a  minimal  dose  of  K*  ( 12.5  mM)  Thus,  K*  at  all  concentrations  tested 
(30-100  mM)  was  more  effective  than  acetylcholine  (or  nicotine)  at  maximal  dose 
in  depolarizing  the  chromaffin  cell  membrane  Therefore,  we  may  expect  that  a  larger 
num^r  of  non-inactivating  Ca**  channels  might  be  activated  with  than  with 
acetylcholine  (or  nicotine). 
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INTRODUCTION 


ATP  and  adenosine  are  potent  inhibitors  of  neurotransmittcr  secretion  in  the 
vertebrate  nervous  system.***  At  the  majonty  of  synapses  investigated,  the  prejunctional 
inhibitory  effects  of  ATP  arc  mediated  by  the  hydrolysis  product  adenosine  acting  on 
adenosine  receptors.’  At  some  synaptic  loci,  however,  unhydrolyzed  ATP  exerts  the 
presynaptic  inhibitory  efrcct.*** 

The  first  purpose  of  this  paper  is  to  discuss  the  likely  mechanism  by  which 
adenosine,  via  adenosine  receptors,  inhibits  the  release  of  acetylcholine  (ACh)  from 
penpheral  nerve  endings  in  frog  and  electnc  fish.  The  second  purpose  is  to  provide 
a  discussion  of  the  direct  inhibitory  action  of  ATP  on  certain  prejunctional  punno- 
ceptors 

The  processes  by  which  adenosine  inhibits  transmitter  release  arc  controversial  at 
present  and  may  involve  different  cellular  mechanisms  at  diflerent  presynaptic  mem¬ 
branes.*  We  will  focus  on  the  effects  of  adenosine  at  presynaptic  motor  nerve  endings 
in  frog  and  electric  fish,  where  a  more  cohesive  picture  of  the  action  of  adenosine  is 
emerging 

The  presynaptic  receptor  responsible  for  the  inhibitory  effects  of  adenosine  is  a 
P,-purinoccptor.*‘'’  The  potential  mechanisms  underlying  this  inhibition  are  depicted 
in  Figure  1,  sites  1-4.  First,  adenosine  could  inhibit  transmitter  release  by  effects  on 
the  Na*  and  currents  underlying  the  nerve  terminal  action  potential  (ntp)  (site 
1).  Next,  adenosine  could  inhibit  transmitter  release  by  reducing  Ca*^  entry  through 
voltage-gated  Ca*^  channels,  thus  impairing  the  delivery  of  Ca**  to  strategic  regions 
associated  with  neurotransmitter  secretion  (site  2)  Based  upon  studies  of  ionic  currents 
in  cell  soma,  two  particularly  favored  explanations  for  the  inhibitory  action  of  aden¬ 
osine  are  1)  that  adenosine  decreases  Ca**  entry  and/or  2)  that  adenosine  increases 
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conductance,  thus  hyperpolarizing  the  membrane  and  preventing  activation  of 
Ca^*  channels  (for  a  discussion,  see  Silinsky") 

In  contrast  to  the  potential  regulation  of  Ca^*  availability  by  effects  on  membrane 
ionic  channels,  adenosine  could  also  regulate  Ca^^  availability  via  intracellular  proc* 
esses  For  example,  adenosine  could  inhibit  ACh  release  by  increasing  the  uptake  of 
Ca**  into  storage  sites,  thereby  reducing  free  intracellular  Ca**  concentrations  (site 
3).  Finally,  adenosine  could  act  directly  on  the  secretory  process  by  decreasing  the 
ability  of  to  promote  ACh  release,  for  example,  by  decreasing  the  apparent 
affinity  for  Ca^**^  or  decreasing  the  number  of  activatable  release  sites  (site  4) 

Earlier  evidence  from  this  laboratory  suggested  that  the  inhibitory  action  of  aden* 
osine  was  at  the  level  of  the  secretory  apparatus  (site  4)  in  frog  motor  nerve* 
Further  evidence  in  support  of  this  viewpoint  from  our  laboratory  and  from  others'* 
will  be  presented  in  this  paper. 


♦nfp 


FIGURE  1.  Possible  target  sites  for  the  inhibitory  ef* 
fects  of  adenosme  on  neurotransmitter  secretion.  As* 
teruks  Ca**,  ntp  nerve  terminal  action  potential;  V. 
synaptic  vesicle,  az  active  zone  of  secretion 


METHODS 


Conventional  electrophysiological  methods  for  intracellular  and  focal  (loose  patch) 
recording  were  employed  in  this  study  on  frog  cutaneous  pectoris  ncrve*muscle  prep- 
aratious  Effects  of  adenosme  denvatives  on  quanta!  ACh  release  were  assessed  by 
changes  in  1)  the  mean  number  of  ACh  quanta  released  synchronously  (m)  as 
determined  from  the  ratio  of  the  mean  end'plate  potential  (epp)  to  miniature  end* 
plate  potential  (mepp)  amplitudes,  2)  the  epp  or  end'plate  current  (epc)  amplitude 
(as  adenosine  does  not  affect  the  amplitude  of  the  mepp),  or  3)  the  frequency  of 
occurrence  of  mepps. 
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RESULTS 


Adenosine  Derivatives  Do  Not  Alter  Na*  and  K*  Currents  Associated  with  the 
Action  Potential  in  Frog  Motor  Nerve  Endings 


Using  focal  (loose  patch)  recording,  which  measures  both  the  prejunctional  action 
currents  and  the  epc  with  the  same  recording  electrode,  it  was  found  that  neither 
Na'^  nor  currents  were  impaired  under  conditions  in  which  adenosine  derivatives 
inhibits  ACh  release^  (Figs.  2a  &  2b).  In  recent  expenments,  we  found  that  concen¬ 
trations  of  tetraethylammonium  (TEA,  1  mM)  and  3,4-diaminopyndine  (DAP,  100 
fiM)  that  eliminate  all  currents  in  motor  nerve  endings  did  not  prevent  the 
inhibitory  effects  of  adenosine  (Fig.  2c).  It  thus  appears  that  adenosine  does  not  affect 
the  Na'*'  or  currents  associated  with  the  presecretory  nerve  terminal  action  po¬ 
tential. 


Blockade  of  Ca^*  Entry  Is  Unlikely  to  Be  Responsible  for  the  Inhibitory 
Effects  of  Adenosine  tn  Frog  and  Electric  Fish 


Measurements  of  Ca^*  Entry 


Direct  measurements  of  the  entry  of  radiolabeled  Ca**  (*’Ca**)  into  Torpedo 
nerve  terminals  and  the  concomitant  release  of  ACh  were  made  by  Muller  et  al.^* 
These  workers  found  that  under  conditions  in  which  adenosine  reduced  ACh  release 
(Fig.  3a),  this  nucleoside  did  not  reduce  Ca**  entry.  In  contrast,  Ca*^  entry  and 
evoked  ACh  release  were  blocked  competitively  by  Ca*^  channel  blockers  such  as 
Cd^^  (Fig.  3b)  In  preliminary  experiments  from  our  laboratory,  Ca**  currents  were 
measured  directly  using  loose  patch  recordings  from  the  heminode  or  from  the  nerve 
ending  of  frog  motor  nerve  after  complete  blockade  of  K**  channels  with  TEA  and 
DAP.”  Neither  adenosine  (SO  fiM)  nor  2-chloroadenosine  (2.S  ^M)  inhibited  the 
Ca**  currents  under  conditions  in  which  the  Ca**  channel  blocker  Co**  (2.5-50 
mM)  blocked  such  currents 

Indirect  measurements  of  Ca**  currents  were  made  using  the  reverse  gradient 
approach.  By  this  method,  a  depolarizing  stimulus  applied  m  Ca**-free  EGTA  Ringer 
decreases  rather  than  increases  ACh  release.  This  is  because  Ca**-free  EGTA  Ringer 
generates  a  reverse  concentration  gradient  whereby  Ca**  is  in  higher  concentration 
inside  the  cell  than  outside.  Depolarization  under  reverse  gradient  conditions  thus 
elicits  the  efflux  of  Ca**  from  the  cell  through  voltage-gated  Ca**  channels,  reduces 
the  Ca***  concentrations  at  release  sites,  and  reduces  mepp  frequency.”  If  adenosine 
blocks  Ca**  channels,  then  adenosine  should  increase  ACh  release  under  reverse 
gradient  conditions  by  blocking  the  egress  of  Ca**.  This  is  not  the  case,  however. 
Adenosine  derivatives  continue  to  inhibit  ACh  secretion  under  reverse  gradient  con¬ 
ditions— conditions  in  which  the  Ca*'*'  channel  blocker  Co**  increases  release  (N  = 
8).  The  results  of  Muller  et  al  '*  and  our  own  data  thus  suggest  that  Ca**  channel 
blockade  is  unlikely  to  be  responsible  for  the  inhibitory  effect  of  adenosine 
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Effects  of  Adenosine  on  ACh  Release  Evoked  Independently  of  Ca^*  Channels 


Two  methods  that  evoke  ‘dependent  ACh  release  by  mechanisms  bypassirg 
active  Ca**  channels  were  employed  Ca^^-contaming  liposomes^  and  the  ion- 
ophore  lonomycm  It  was  found  previously  that  adenosine  denvatives  inhibit  ACh 


EfftCT  OF  ADENOSINE  IN  3.4  DAP+TEA 
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FIGURE  2.  Evidence  that  an  increased  K*  conductance  is  not  responsible  for  the  inhibitory 
effects  of  adenosine  («)  Control  response  recorded  with  a  focal  microclcctrodc  (b)  Responses 
after  an  S-min  superfusion  \vilh  10  pM  2‘chloroadenosine  Note  the  decline  in  the  cnd>plate 
current  (epc)  without  an  effect  on  the  currents  underlying  the  nerve  terminal  action  potential 
(ntp)  The  upward-going  phase  of  the  ntp  reflects  the  component  of  the  action  potential 

whereas  the  downward*gomg  phase  represents  the  K*  currents  recorded  at  the  frog  nerve  ending 
(for  details,  see  reference  IS)  Ringer  contained  low  Ca^*  and  high  Traces  in  a  and  b 
are  the  averaged  responses  to  128  stimuli  (1  Hz)  Reproduced  with  permission  from  ref<*rence 
4  (c)  Adenosine  still  inhibits  ACh  release  alter  treatment  with  sufficient  concentrations  of 
channel  blockers  (TEA,  1  mM;  ?,4>diaminopyndme,  100  ^M)  to  block  completely  channels 
at  frog  motor  nerve  endings.  Each  record  is  the  response  to  a  single  stimulus  As  these  K* 
channel  blockers  produce  large  increases  in  evoked  ACh  release,  the  Ringer  contained  reduced 
elevated  Mg’*,  and  tubocuranne  to  reduce  the  ACh  release  to  levels  at  which  the 
immediately  available  store  of  quanta  would  not  be  depleted  and  to  maintain  subthreshold  epps 


release  produced  by  Ca***contaimng  liposomes  *  In  two  preliminary  expenments  using 
lonomycin  (1.3-50  )tM),  increases  in  mepp  frequency  produced  by  this  icnophore 
were  reversibly  inhibited  by  adenosine.  It  thus  appears  that  active  Ca**  channels  are 
not  required  for  inhibitory  effects  of  adenosine  to  be  observed  on  Ca***evoked  ACh 
secretion. 
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The  Cellular  Ca^*  Buffer  BAPTA  neither  Mimics  the  Effect  of  Adenosine 
nor  Occludes  the  Inhibitory  Effects  of  Adenosine 


At  frog  motor  nerve  endings,  I,2*bis(2*ammophcnoxy)ethane*A'',A^,iV’,iV-tetra* 
acetic  acid  (BAPTA,  delivered  to  the  cytoplasm  by  using  extracellular  BAPTA-AM) 
was  found  to  reduce  mepp  frequency  and  to  inhibit  facilitation;  yet  it  did  not  impair 


FIGURE  3.  Noncompetitive  blockade  of 
evoked  ACh  release  by  adenosine  (a)  and 
competitive  blockade  of  ACh  release  by 
the  Ca**  channel  blocker  Cd**  (25  pM) 
(b)  Under  these  conditions,  adenosine 
(0.5  mM)  had  no  effect  on  Ca**  entry 
into  nerve  endings  whereas  Cd^*  inhit^ 
ited  both  evoked  Ca’*  entry  and  ACh 
release  Reprinted  with  permission  from 
reference  14 
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synchronous  evoked  ACh  release  in  response  to  one  nerve  impulse  (in  ).*’  Apart  from 
the  similar  decrease  in  mepp  frequency,  the  other  effects  of  BAPTA  differ  from  those 
of  adenosine.  Specifically,  adenosine  produces  a  decrease  in  both  mepp  frequency  and 
m  without  inhibiting  facilitation  It  is  thus  unlikely  that  evoked  ACh  release  is  inhibited 
by  a  decrease  in  the  free  intracellular  Ca**  concentration.  If  adenosine  inhibited 
spontaneous  ACh  release  by  decreasing  free  Ca*"*  levels  in  the  neive  ending,  then  the 
similar  reductions  in  mepp  frequency  reported  for  BAPTA*’  and  for  adenosine*-^’ 
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suggest  that  BAPTA  has  a  buffenng  capacity  near  that  of  the  putative  adenosine^ 
sensitive  Ca^*^  translocation  mechanism.  It  would  thus  be  predicted  that  BAPTA 
should  occlude  the  inhibitory  effects  of  adenosine  on  ACh  release  In  nine  expenmcnts 
on  BAPTized  preparations,  we  found“  that  BAPTA  did  not  alter  the  inhibitory  effects 
of  adenosine  on  mepp  frequency  (mean  of  41%  inhibition  ±5%  standard  erre  r  of 
the  mean,  which  is  m  the  range  of  control  values  found  m  other  studies  in  our 
laboratory).  Evidence  that  BAPTA  was  actually  buffering  Ca**  is  based  upon  the 
observations  that  1)  BAPTA  blocked  the  excitatory  effects  of  caffeine  and  that  2) 
BAPTA  delayed  that  excitatory  effects  of  high  K*  and  lonomycin  on  ACh  release 
(the  delay  being  due  to  the  time  required  to  saturate  the  intracellular  BAPTA  with 
Gi**)  These  results,”  when  taken  in  conjunction  with  earlier  results/  suggest  that 
adenosine  is  unlikely  to  inhibit  ACh  release  by  decreasing  free  cytoplasmic  Ca^^ 
concentrations. 


Adenosine  Decreases  the  Ability  of  Ca^*  to  Promote  ACh  Secretion 


Previous  results  from  this  laboratory  have  found  that  dose-response  relationships 
for  extracellular  Ca^*  and  Sr**  m  the  process  of  evoked  ACh  release  are  incompatible 
with  simple  competitive  block  of  alkaline  earth  cation  entry  by  adenosine/  Computer 
modeling  demonstrated  that  a  reduction  m  the  apparent  a>finity  of  Ca**  for  a  strategic 
component  of  the  secretory  apparatus  accurately  simulates  the  actual  effect  of  aden¬ 
osine  analogues  on  evoked  ACh  release.”*'  Figure  3  shows  results  from  the  work 
of  Muller  et  al  ”  demonstrating  that  adenosine  acts  very  differently  from  Ca**  channel 
blockers  in  electnc  hsh.  The  effects  observed  in  Figure  3  are  thus  incompatible  with 
competitive  inhibition  of  alkaline  earth  cation  entry  by  adenosine  derivatives.  Muller 
et  al  ”  suggested  that  adenosine  reduces  the  number  of  active  release  sites.  These 
results  from  frog  and  electric  fish  suggest  that  the  inhibition  of  ACh  release  by 
adenosine  is  pnmarily  due  to  the  decreased  ability  of  a  fixed  cellular  concentration 
of  Ca**  to  promote  the  secretory  process 


What  Type  of  Adenosine  Receptor  Is  Responsible  for  the  Inhibition  of  ACh 
Release? 


8-Cyclopentyltheophyllme  is  a  potent  inhibitor  of  ACh  release  *■**  This  observation, 
when  coupled  with  the  results  to  be  described  below,  suggests  that  the  receptor 
responsible  for  the  inhibition  of  neurotransmitter  release  is  a  P,-punnoceptor  of  the 
A,  flavor.  (Considerable  controversy  does  exist,  however,  and  the  reader  is  referred 
to  references  5, 11,  and  21  for  discussion.)  At  rat”  and  mouse”  motor  nerve  endings, 
pertussis  toxin  (PTX)  consistently  block^  the  effects  of  adenosine  in  inhibiting  ACh 
release.  In  some  experiments  on  frog,  PTX  blocked  the  inhibitory  effects  of  adenosine 
on  evoked  ACh  release  *'  Unfortunately,  the  effects  of  PTX  in  frog  N\cre  inconsistent.*' 
The  successful  expenmcnts  from  both  species  suggest,  however,  that  a  PTX-sensitivc 
guanine  nucleotide-binding  protein  (G  protein)  is  responsible  for  the  inhibitory  effect 
of  adenosine 

Specific  PTX-sensitive  G  proteins  include  G„  which  links  adenosine  to  the  inhi¬ 
bition  of  adenylyl  cyclase,  and  G^,  which  may  directly  link  adenosine  to  a  cellular 
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effector  without  the  need  for  phosphorylation.*’  To  determine  whether  phosphorylation 
via  the  cyclic  AMP  system  is  involved  in  the  inhibitory  effects  of  adenosine,  we  treated 
preparations  with  a  nonspecific  isoquinolme  sulfonamide  inhibitor  of  protein  kinases, 
H-7.**  In  the  presence  of  concentrations  of  H>7  sufficient  to  block  the  effects  of  the 
cyclic  AMP  analogue  8-(4-chlorophcnyIthio)-cAMP”  and  of  phorbol  esters,**  aden* 
osine  still  exerted  its  usual  inhibitory  effects  in  frog  or  rat**  Adenosine  thus  appears 
to  inhibit  ACh  release  independently  of  phosphorylation  via  cAMP-dependent  protein 
kinase  or  protein  kinase  C 


ATP  and  the  Inhibition  of  Transmitter  Release 


As  discussed  above,  the  prejunctional  effects  of  ATP  at  most  synapses  are  due  to 
the  hydrolysis  product,  adenosine  There  are  a  number  of  instances,  however,  where 
ATP  directly  inhibits  ACh  release.  Figure  4  shows  that  in  frog  sympathetic  chain 
ganglia,  ATP  but  not  adenosine  inhibits  ACh  release’  2*Chloroadenosine  did  not 
significantly  inhibit  ACh  release  from  these  synai»e$  at  concentrations  two  orders  of 
magnitude  greater  than  that  necessary  to  produce  maximal  inhibition  of  ACh  release 
from  motor  nerve  endings  of  the  same  species  ’  Figure  5  shows  that  a,)3*methylene* 
ATP  was  without  effect  (suggesting  that  a  Puc^punnoceptor  was  not  involved  in 
inhibition  at  preganglionic  nerve  endings),  but  that  theophylline  did  block  the  effect 
of  ATP.  Because  of  such  results,  it  has  b^n  suggested  that  a  new  punnoceptor  subtype 
(P,)  may  be  necessary  to  explain  some  of  these  effects  of  ATP.”  In  bullfrog  sympathetic 
ganglia,  the  potency  order  of  punnes  was  ATP  >  ADP  >  AMP  >  adenosine  for 
the  inhibition  of  ACh  release.  In  bullfrog,  the  effect  has  been  attributed  to  a  depo* 
lanzation  of  the  nerve  ending.”  Interestingly,  in  guinea  pig  ileum,  ATP,  in  a  thee* 
phyllinC'Sensitive  manner,  exerted  a  direct  action  to  inhibit  ACh  release.*  This  effect 
of  ATP  was  not  due  to  degradation  to  adenosine,  and  was  not  mimicked  by 
mcthylcne-ATP.  The  effects  of  ATP  denvatives  at  cholinergic  nerve  endings  in  frog 
sympathetic  ganglia  and  in  guinea  pig  ileum  are  thus  remarkably  similar.  Adenosine 
was  also  an  effective  inhibitor  of  ileal  ACh  release,  however,  through  the  same  pur> 
inoceptor  as  ATP. 


FIGURE  4.  Inhibition  of  ACh  release  from 
frog  sympathetic  chain  ganglion  by  ATP  but 
not  adenosine  The  electrophysiological 
methods  were  similar  to  those  described  in  the 
text  for  frog  neuromuscular  junctions  Ringer 
contained  1  mM  and  18  mM  Mg^'^.  Each 
point  represents  m  calculated  by  the  method 
of  failures'*  in  response  to  128  preganglionic 
nerve  stimuli  dehvered_at  a  frequency  of !  Hz 
Open  circles  control  m  Reprinted  with  per* 
mission  from  reference  3 
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FIGURE  5.  Effects  of  ATP  (2M  #tM),  a,/3-mclhylcne-ATP  (200  pM),  and  theophylline  (2 
mM)  on  evoked  ACh  release  (m)  in  frog  sympathetic  chain  ganglia.  Evoked  ACh  release  is 
expressed  relative  to  the  control  level,  which  is  taken  as  1;  values  below  I  indicate  inhibition. 
Ringer  solution  contained  1  mM  Ca**  and  17  mM  Mg**.  Modified  with  permission  from 
reference  3 


DISCUSSION  AND  CONCLUSIONS 


The  results  suggest  that  activation  of  Pi^purinoceptors  by  adenosine  inhibits  ACh 
release  by  impatnng  the  ability  of  to  promote  secretion  at  frog  and  electric  fish 
motor  nerve  endings  Inhibition  of  ACh  secretion  by  adenosine  is  unlikely  to  be 
mediated  by  A  or  C  kinases  It  is  possible  that  adenosine  receptor  sites  may  be  directly 
coupled  to  the  secretory  apparatus  via  G  proteins  The  independent  suggestions  of  a 
decreased  Ca’*  amniiy,*  *'  and  of  a  decrca^  number  of  activatable  release  sues**  are 
compatible  as  it  has  been  found  that  a  release  site  is  likely  to  require  a  certain 
concentration  of  bound  Ca^*  to  be  in  an  activatable  form  ”  llie  generality  of  these 
results  to  other  synapses  is  unknown  at  present,  although  a  case  may  be  made  for  a 
similar  mechanism  for  the  inhibition  of  transmitter  release  by  adenosine  from  the  CA 1 
region  of  the  hippocampus  (as  argued  in  reference  11,  but  see  references  6  and  30  for 
other  possibilities). 

It  also  appears  that  in  some  systems  ATP  is  capable  of  inhibiting  ACh  release  in 
a  theophylline*sen$Uive  manner,  and  that  it  does  not  do  so  by  degradation  to  adenosine. 
Although  such  results  may  be  due  to  a  Py  receptor,  it  is  plausible  to  suggest  that  P|- 
punnoceptors  be  further  divided  into  *  I*IX  subtype— the  conventional  adenosine 
receptor— and  a  P,v  subtype— the  thcophyliinc-sensitive  site  at  which  ATP  is  more 
potent  than  the  other  naturally  occurring  adenosine  denvatives.  Such  a  subdivision 
would  be  consistent  with  the  traditional  approach  of  defining  receptors  by  selective 
competitive  antagonists. 
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DISCUSSION  OF  THE  PAPER 


E  W  Westhead  {University  of  Massachusetts,  Amherst,  MA ):  Have  you  any  way 
of  determining  whether  adenosine  or  ATP  reduces  the  Ca**  transient  product  by 
stimulation?  In  chromaffin  cells,  we  were  surprised  to  find  that  even  lonomycin- 
stimulated  transients  are  reduced  by  adenosine,  suggesting  that  adenosine  in¬ 
creases  the  rate  of  sequestration  or  extrusicii  of  Ca**, 

SlLINSKY:  This  would  indeed  be  an  ideal  experiment,  but  at  this  stage  fura-2 
injection  into  the  very  small  presynaptic  motor  neuron  endings  in  frog  and  subsequent 
quantitative  measurements  of  Ca**  transients  is  technically  impossible  for  mere  mor¬ 
tals.  Your  result  with  chromaffin  cells  is  most  interesting.  It  suggests  that  active 
membrane  ionic  channels  are  not  necessary  for  the  inhibitory  effects  of  adenosine  m 
chromaffin  cells  We  need  to  do  another  senes  of  expenments  with  BAPTA-AM  and 
lonomycin  before  direct  companson  between  your  results  and  ours  may  be  made, 
especially  if  adenosine  is  capable  of  reducing  [Ca*'*  J,  below  that  buffered  by  BAPTA 
For  example,  if  adenosine  is  decreasing  raepp  frequency  by  decreasing  (Ca**).,  then 
in  the  presence  of  BAPTA,  after  adenosine  has  produced  its  inhibitory  effect,  ionomycin 
should  produce  rapid  restoration  of  mepp  frequency  to  the  pre-adenosme  level  (as 
this  Ca*^  would  not  be  buffered  by  BAPTA).  If  adenosine  works  by  another  mech¬ 
anism,  then  ionomycin  would  have  its  usual  delay  in  BAPTA  before  producing  any 
increase  in  mepp  frequency.  These  expenments  are  currently  in  progress  by  JimBob 
Hunt 

N.  P.  WiKLUND  {KaroUnska  Institutet,  Stockholm,  Sweden)'  Have  you  Ined  de¬ 
termining  whether  inhibitors  of  ATP  degradation  have  any  effect  on  the  proposed 
prejunctional  ATP  effects'^  In  the  guinea  pig  ileum,  inhibition  of  5'-nucleotidases  with 
such  inhibitors  as  a,j8-Me-ADP  and  IMP  enhances  the  inhibitory  effects  of  ATP  or 
ADP  on  contractile  responses  to  nerve  stimulation,  suggesting  that  ATP  and  ADP 
can  act  per  se  on  prejunctional  P,-punnoceptors  (Wiklund  et,  al,  Acta  Physiol  Scand 
126: 217-223, 1986).  Furthermore  Schild  analysis  on  inhibition  of  contractile  responses 
to  nerve  stimulation  by  adenine  nucleotides  in  guinea  pig  ileum,  using  the  selective 
adenosine  receptor  antagonist  8-;i-sulfophenyltheophylline,  showed  slopes  of  unity  for 
several  nucleotides,  including  ATP,  ADP,  AMPPNP,  and  J3,7-Me-ATP  The  nu¬ 
cleotides  had  pA2-values  not  significantly  different  from  the  pA2-value  of  2-chlo- 
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roadenosine,  strongly  suggesting  action  by  adenine  nucleotides  per  se  on  prejunctional 
adenosine  receptors  (c/  Acta  Physiol  Scand.  125:  681-691,  1985) 

SiLiNSKY:  We  have  not  tried  the  experiment  you  descnbed  Akasu  and  colleagues 
have  found  in  bullfrog  that  ADP  and  AMP  have  slight  effects,  with  the  following 
sequence:  ATP  >  ADP  >  AMP  >  adenosine.  We  dehnitely  need  to  pursue  a  more 
extensive  series  of  analogues,  including  adenosine  deaminase  inhibitors  and  S'-nu* 
cleotidases.  We  should  also  explore  the  possible  antagonism  of  ATP  effects  by  a,/J- 
Mc'ATP  and  other  nonhydrolyzable  analogues  Based  upon  1)  the  Wiklund  et  al 
reference  cited  by  you  and  in  our  paper,  2)  the  work  of  Collis  and  Pettinger,  3)  the 
poster  from  Dr  Westfall’s  laboratory  at  this  meeting,  and  4)  our  results,  it  is  predicted 
that  the  putative  Pjypunnoceptor  would  not  be  activated  by  a,/3-Me*ATP  (which 
might  be  antagonistic),  /J.y-Me^ATP  (which  should  be  an  agonist),  and  blockade  by 
8'phenyltheophylline.  The  stimulating  presentations  and  discussions  at  this  meeting 
have  provided  an  impetus  for  us  to  resume  work  on  the  inhibitory  punne  receptor  at 
frog  preganglionic  nerve  endings 

Y,  H.  Ehrlich  {College  of  Staten  Island,  New  York,  NY)'  Could  inhibition  of 
the  ATP  effect  by  theophylline  be  mediated  by  a  mechanism  other  than  blockade  of 
a  Pi*type  receptor? 

SiLiNSKV:  Theoretically,  many  of  the  secondary  effects  reported  for  theophylline 
would  certainly  suggest  that  your  question  is  a  valid  one  My  feeling,  however,  is  that 
theophylline  is  indeed  working  as  a  blocker  of  P,  (Ptv?)  sites  at  frog  preganglionic 
nerves.  At  P,  sites  in  penpheral  cholinergic  nerves  of  the  same  species,  phosphodi¬ 
esterase  inhibitors  (including  caffeine)  increase  the  level  of  inhibition  by  P,  agonists, 
rather  than  blocking  their  effects  Our  now  rather  dated  1983  expenments  on  ganglion 
defnitely  need  to  be  repeated  with  newer,  more  selective  alkyl  xanthines. 

C  Londos  {National  Institutes  of  Health,  Bethesda,  Mb)\  Perhaps  another  ex¬ 
planation  for  theophylline  reversal  of  an  ATP  effect  is  that  the  ATP  effect  is  being 
facilitated  by  adenosine  arising  from  ATP  metabolism.  One  example  of  facilitation  is 
found  in  PC12  pheochromicytoma  cells  in  which  adenosine  receptor  agonists,  which 
have  no  effect  of  ncunte  outgrowth,  greatly  enhance  the  stimulation  of  ncunte  out¬ 
growth  by  nerve  factor. 

SlLiNSKY.  Your  suggestion  is  intnguing.  My  belief  is  that  adenosine  deaminase 
would  not  alter  the  effects  of  ATP,  but  we  have  not  done  these  expenments  From 
work  we  have  done,  1  mM  adenosine  does  not  influence  the  action  of  concurrently 
superfused  ATP,  so  at  least  exogenous  adenosine  is  not  influencing  the  action  of  ATP. 
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HISTORICAL  INTRODUCTION 


The  mammalian  heart  is  dependent  upon  a  supply  of  oxygen  that  must  be  immediate 
and  sufficient  for  myocardial  survival.  It  is  generally  accepted  that  coronary  blood 
vessels  are  profoundly  affected  by  products  of  metabolism  that  act  as  vasodilators; 
many  substances  have  been  proposed  to  act  as  so-called  vasodilator  metabolites  The 
term  punne  bodies  was  used  by  Barcroft  and  Dixon'  in  referenc-e  to  such  a  vasodilator 
action,  but  how  the  concept  of  punne  release  arose  remains  unclear.  Zipf*"*  m  the 
early  1930$  suggested  that  vasodilator  substances  in  the  effluent  blood  from  ischemic 
tissues  might  be  adenylic  acid  or  adenosine.  Also  at  this  time  the  extracellular  actions 
upon  the  heart  of  ATP  and  its  breakdown  products  were  being  closely  studied,^'® 
and  the  great  potency  of  these  agents  as  vasodilators  placed  them  as  possible  regulators 
of  coronary  blood  flow.  Two  theoretical  obstacles  arose,  however,  to  discourage  the 
view  that  ATP  could  traverse  cell  membranes.  First,  Lipmann"  had  established  ATP 
as  the  predominant  energy  earner  for  the  many  recently  discovered  biochemical 
pathways,  and  it  seemed  very  unlikely  that  this  valuable  molecule  should  be  lost  to 
the  external  milieu  in  any  physiological  process  Second,  investigations  into  the  prop¬ 
erties  of  cell  membranes  with  regard  to  the  selective  permeability  to  charged  particles'* 
discouraged  the  view  that  ATP  could  cross  cell  membranes  by  pointing  out  that  ATP 
carried  such  a  large  negative  charge  Neverthel^,  attempts  were  made  to  detect  the 
release  of  ATP  from  the  myocardium,  for  example,  by  testing  the  venous  effluent 
from  the  coronary  sinus,”  and  later  from  skeletal  muscle,’  but  inadequate  technology 
coupled  with  the  aforementioned  theoretical  objections  led  to  rejection  of  ATP  as  a 
local  vasodilator  substance  in  the  coronary  circulation. 

In  1950,  Green  and  Stoner'*  strongly  suspected  that  circulating  nucleotides  con¬ 
tributed  significantly  to  the  condition  of  hemorrhagic  shock  seen  in  battlefield  injuries 
but  at  that  time  had  no  way  of  assessing  the  concentrations  of  these  substances  in  the 
blood  plasma  with  the  methodology  then  available 
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The  physiological  significance  of  extracellular  nucleotides  could  not  be  appreciated 
until  techniques  were  developed  that  could  measure  with  extreme  precision  very  small 
quantities  of  ATP  within  a  very  short  space  of  time  In  a  search  to  define  the  energy 
source  for  bioluminescence,  McElroy'*  showed  that  when  Lampyrid  beetles  {Photinus 
pyralis)  are  ground  up  with  sand  and  water  a  crude  extract  is  obtained  that  responds 
with  a  flash  of  light  when  microgram  quantities  of  ATP  are  added  It  was  found  that 
the  extract  could  also  respond  to  other  triphosphates,  but  this  was  shown  to  be  due 
to  the  presence  of  transphosphorylases'^  that  could  catalyze  the  following  reaction* 
xTP  +  ADP  =  xDP  +  ATP,  where  x  is  any  nucleotide  base  The  factors  required 
for  the  light  reaction  in  response  to  ATP  have  now  been  prepared  in  crystalline  form,” 
however,  and  the  specificity  of  the  firefly  reaction  for  ATP  using  these  reagents  is 
now  thought  to  be  absolute.  It  is  now  known  that  one  quantum  of  light  is  emitted 
for  each  lucifenn  molecule  excited  by  ATP.”  With  refinements  in  photodetection  and 
the  development  of  more  powerful  photomultiplier  tubes,  the  firefly  technique  was 
soon  adapted  to  measure  extremely  small  amounts  of  ATP  in  biological  fluids 

The  first  direct  demonstration  of  ATP  release  from  tissues  using  the  firefly  technique 
was  published  by  Pamela  Holton,'*  who  tested  the  effluent  from  rabbit  ears  perfused 
with  Locke's  solution.  When  the  auncular  nerve  was  stimulated,  ATP  appeared  in 
the  perfusate,  no  ATP  was  detected  in  the  control  perfusions.  As  another  control, 
ATP  was  measured  in  samples  of  rabbit  blood  obtained  by  heart  puncture  These 
plasma  levels  were  found  to  vary  little  from  the  mean  value  of  1 0  ;imol*mr'  blood. 
This  was  probably  the  first  published  demonstration  of  normal  levels  of  ATP  in 
circulating  plasma 

Holton’s  work  ushered  in  a  new  era  of  investigation  wi’h  the  bioluminescence 
technique,  and  all  subsequent  expenments  reviewed  here  have  assessed  efliuent  ATP 
in  this  way.  Ex  scinulla  /Vicendiwm— from  a  spark  a  conflagration  (proverb) 


RELEASE  OF  ATP  FROM  LANGENDORFF-PERFUSED  HEARTS 


Evidence  that  ATP  was  released  from  in  vitro  stimulation  of  frog  skeletal  muscle” 
and  that  increased  in  concentration  in  the  venous  effluent  from  active  human  forearm 
muscle*^"  prompted  Paddle  and  Burnstock”  to  investigate  whether  ATP  was  released 
from  hypoxic  myocardium  Hypoxia  was  induced  in  guinea  pig  hearts  by  switching 
from  a  perfusion  medium  of  95%  O,  +  5%  CO,  to  a  medium  gassed  with  95%  N, 
+  5%  CO,  for  a  period  of  90  sec  TTits  lime  of  exposure  to  the  hypo.xic  gas  mixture 
was  found  to  produce  maximum  vasodilatation  of  the  coronary  circulation  Figure 
1  shows  the  result  of  one  such  experiment  (see  experiment  2  in  Table  I).  Perfusion 
pressure  diminished  rapidly,  indicating  sudden  vasodilatation  of  the  coronary  circu¬ 
lation  in  this  constant  flow  arrangement.  Table  1  gives  the  results  from  all  expenments 
performed  ATP  concentration  (pmol*ml"')  in  the  control  perfusate  was  0.21  ±0  05 
(mean  ±  SEM)  compared  to  0  64  ±  0.009  at  the  end  of  the  hypoxic  penod  (A^  = 
10).  This  result  was  venfied  by  Stowe  et  al  **  A  similar  result  was  obtained  using 
rabbit  hearts^*  where  ATP  and  myoglobin  were  measured.  Figure  2  indicates  that 
while  ATP  was  released  into  the  coronary  efliuent  immediately  following  the  induction 
of  hypoxia,  there  was  a  delay  of  approximately  7  min  before  a  peak  of  myoglobin 
concentration  was  achieved.** 

It  was  soon  realized  that  the  ATP  detected  m  all  of  these  expenments  was  a 
residual  amount  that  had  escaped  degradation  by  outward-facing  membrane  ATPases 
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The  perfused  heart  preparation  was  well  known  to  have  a  powerful  extracellular 
ATPase  activity, “  and  this  was  further  explored  by  Paddle  and  Bumstock.“  It  was 
found  that  when  ATP  at  100-200  pmol*inl“‘  was  perfused  through  the  coronary 
circulation,  about  99%  was  degraded  in  a  single  transit,  leaving  only  1-2  pmol«ml'’ 
m  the  perfusate,  almost  equal  to  that  measured  as  a  result  of  applying  hypoxia.  This 
clearance  pattern  has  been  coniirmed.^*^^  A  simple  conclusion  is  that  the  source 
concentration  of  ATP  in  hypoxia  must  approach  one  hundred  times  that  measured 
in  the  coronary  sinus  effluent.  When  hypoxia  was  imposed  after  30-40  mm  of  perfusion 
with  ouabain  (0.25  pg^ml”*).  an  Na^-and  K*-activated  ATPase  inhibitor,  the  mean 
concentration  of  ATP  in  the  perfusate  rose  from  0.39  to  2.17  pmol»ml"‘  (see  Table 
III  in  reference  22)  Because  the  mean  concentration  of  ATP  in  the  perfusate  from 
hypoxic  hearts  without  ouabain  was  0.64  pmol>ml*',  it  was  concluded  that  the 
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FIGURE  1,  Effect  of  a  90-$ec  period  of  hypoxia  on  the  effluent  ATP  concentration  (bars)  and 
the  coronary  perfusion  pressure  m  a  Langendorffperfused  guinea  pig  heart  ATP  concentrations 
are  express^  as  average  values  from  6'$ec  collection  penods  Reproduced  with  permission  from 
Paddle  and  Bumstock.” 


extracellular  ATPase  activity  (ouabain  sensitive)  was  stimulated  by  hypoxic  condi¬ 
tions.” 

The  source  of  the  released  ATP  in  these  experiments  could  have  been  endothelial 
cells,  smoot  muscle,  cardiac  muscle,  or  bloc^  elements.  Vascular  endothelial  and 
smooth  muscle  cells  in  culture  have  been  shown  to  release  ATP  selectively  m  response 
to  potentially  damaging  stimuli”;  of  course,  damaged  blood  elements,  especially  plate¬ 
lets,  are  always  capable  of  releasing  nucleotides  if  washout  procedures  have  not  been 
thorough.  It  1$  unlikely,  however,  that  this  latter  situation  arose,  as  hearts  were  perfused 
for  about  1  hr  before  the  application  of  hypoxia” 

Pharmacological  modulation  of  ATP  release  from  the  perfused  heart  lias  been 
clearly  demonstrated  Stimulation  of  cardiac  muscarinic  receptors  by  acetylcholine 
induces  a  large  release  of  ATP,  as  well  as  AMP  and  adenosine,  into  the  coronary 
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circulation  of  guinea  pig  hearts.”  This  event,  being  independent  of  oxygen  consump¬ 
tion,  was  interpreted  as  indicating  that  it  was  very  likely  that  the  coronary  vasodi¬ 
latation  following  infusion  with  acetylcholine  was  in  part  or  even  fully  mediated  by 
a  secondary  release  of  vasoactive  purines  This  interpretation  was  supported  by  the 
Ending  that  theophylline  diminished  by  about  half  the  coronary  flow  response  to  a 
10  M  infusion  of  acetylcholine.  The  potent  coronary  vasoconstrictor  substance 
leukotnene  D4  (LTD4)  invoked  a  release  of  ATP  that  was  blocked  by  a  speciflc  LTD# 
receptor  blocker.”  It  was  also  found  that  infusion  of  norepinephrine  released  ATP  m 
comparable  amounts;  this  effect  was  blocked  by  an  a-adrenergic  blocking  agent  (phen- 
tolamine).  A  vasoconstriction  control  performed  with  arginine  vasopressin  did  not 
result  in  ATP  release,  indicating  that  vasoconstriction  (or  activation  of  a  myogenic 
stretch  response)  itself  was  not  the  mechanism  of  release.  The  possibility  that  mus- 


TABLE  I.  Effects  of  Hypoxia  on  Perfusion  Pressure  and  Coronary  Effluent  ATP 
Concentration  in  the  Isolated  Guinea  Pig  Heart* 


Experiment 

Perfusion 

Rate 

(ml/mm) 

Control  (aerobic) 

Hypoxia* 

Perfusion 
Pressure 
(cm  H,0) 

Coronary 

Effluent 

ATP 

Concentration 

(pmol/ml) 

Perfusion 
Pressure 
(cm  H,0) 

Coronary 

Effluent 

ATP 

Concentration 

(pmol/ml) 

1 

68 

70 

Oil 

36 

046 

2 

48 

77 

026 

35 

0  66 

3 

5.1 

74 

018 

38 

048 

4 

78 

021 

37 

041 

5 

4  1 

81 

0.13 

41 

043 

6 

72 

013 

39 

064 

7 

47 

74 

060 

25 

1.33 

8 

80 

74 

008 

34 

0.56 

9 

57 

79 

022 

28 

091 

10 

72 

78 

022 

34 

0  56 

0.21  i  005' 

064  ±  009' 

'Adapted  from  Paddle  and  BumstocK.” 
*  Duration  of  hypoxia  1  5  min 
'Mean  ±  SEM 


carinic  cholinergic  receptors  were  involved  was  ruled  out  because  pretreatment  with 
scopolamine  and  guanethidine  did  not  influence  ATP  release,  supporting  the  findings 
of  Paddle  and  Bumstock.”  Danus  et  al.  ”  proposed  that  ATP  release  specifically 
induced  by  LTD4  and  norepinephnne  could  be  an  acute  response  of  the  heart  to 
prolonged  coronary  vasoconstriction  and  myocardial  ischemia,  since  blood  levels  of 
LTD4  and  norepinephnne  are  elevated  in  acute  cardiovascular  stress. 

Valuable  information  was  obtained  from  a  senes  of  elegant  expenments  by  Vial, 
Owen,  Opic,  and  Posel.”  The  release  of  ATP,  adenosine,  and  the  enzyme  lactic 
dehydrogenase  (LDH)  was  measured  in  the  perfusate  from  rat  hearts  in  response  to 
sustained  hypoxia.  In  agreement  with  previous  findings,  the  onset  of  hypoxia  induced 
a  rapid  increase  of  ATP  concentration  in  the  coronary  effluent  from  0  8  ±  0.2  nM 
to  an  average  peak  value  of  1.3  -  0  2  nM  occurnng  at  2  £  O.S  mm  after  the  onset 
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FIGURE  2.  Release  of  ATP  (A) 
and  myoglobin  (•)  into  the  cor¬ 
onary  effluent  of  a  I/angendorff- 
perfused  rabbit  heart  after  intro¬ 
duction  of  hypoxia.  Note  the  rapid 
release  of  ATP  in  response  to  a 
change  of  Poj  from  600  mmHg  to 
<6mmHg  Reproduced  with  per¬ 
mission  from  Naylcr  et  al  ” 


of  hypoxia.  Figure  3  shows  the  pattern  of  release  of  ATP»  adenosine»  and  LDH  in 
relation  to  the  coronary  flow  in  response  to  sustained  hypoxia.  There  is  a  close 
correspondence  between  the  pattern  of  release  of  ATP  and  the  increase  in  coronary 
flow.  The  rate  of  flow  decline  also  matched  the  decline  m  ATP  concentrations 
Although  peak  rates  of  release  of  adenosine  were  high,  and  amounted  to  vasodilator 
quantities,  the  peak  concentration  of  adenosine  release  occurred  some  7  nun  after  the 
onset  of  hypoxia.  Peak  release  of  LDH  occurred  after  that  of  adenosine.  A  two-stage 
approach  was  used  to  dissociate  work  of  the  heart  from  the  effects  of  hypoxia.  Hypoxia 
was  imposed  without  work  by  arresting  the  hearts  with  a  solution  of  24  mM  KCl 
and  then  exposing  them  to  hypoxia.  Figure  4  shows  that  the  relationship  of  coronary 
flow  increase  to  the  rate  of  ATP  release  is  maintained,  whereas  the  release  of  adenosine 
becomes  even  further  dissociated  than  that  depicted  in  Figure  3.  Work  was  increased 
without  imposed  hypoxia  by  perfusing  the  hearts  with  adrenaline.  There  was  a  rapid 
release  of  ATP,  similar  to  that  observed  dunng  hypoxia.  Peak  release  of  adenosine 
once  again  occurred  after  peak  release  of  ATP  The  increase  in  coronary  flow  was 
less  than  that  observed  in  sustained  hypoxia.  The  hypoxia-induced  release  of  ATP 
was  not  inhibited  by  10"‘  M  propranolol,  a  /5-adrencrgic  receptor  blocking  drug 


FIGURE  3,  Release  of  ATP  (□),  adenosine  (O),  and  LDH  (<A)  after  the  onset  of  hypoxia 
in  a  Langendorff'perfused  rat  heart  Note  that  coronary  flow  (A )  and  ATP  release  are  immedi¬ 
ately  increased  at  the  onset  of  hypoxic  perfusion  Reproducol  with  permission  from  Vial 
etal^ 
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RELEASE  OF  ATP  FROM  WORKING  HEARTS 


Hearts  perfused  via  a  retrograde  aortic  cannula  in  the  Langendodf  mode  perform 
a  low  and  variable  amount  of  work  that  is  very  difficult  to  assess.  A  working  perfused 
heart  preparation  developed  by  Neely  et  al.'*  arranged  the  left  ventncle  to  perform 
work  against  a  controlled  afterload,  allowing  the  work  of  the  chamber  to  be  calculated 
Mechanical  work  was  determined  from  the  cardiac  output  and  aortic  pressure.  Left 
ventricular  power  was  also  calculated.*^  Oxygen  uptake  of  the  left  ventncle  was 
monitored  by  continuous  recording  of  the  oxygen  tension  difference  between  the  buffer 
entenng  the  heart  (aortic  ime)  and  that  of  the  coronary  sinus  effluent.”  Figure  5 
shows  the  ATP  concentrations  measured  in  the  coronaiy  sinus  effluent  before,  dunng, 
and  after  exposure  of  the  heart  to  90  sec  of  hypoxia  (95%  Nj  +  5%  CO^).  In  four 
hearts,  the  total  amounts  of  ATP  before,  dunng,  and  after  the  hypoxic  penod  were 
5.9  ±  0.9,  46.1  ±6  0,  and  5.5  ±  12  pmol*min“',  respectively  (each  value  a  mean 


FIGURE  4.  Time  course  of 
ATP  (O)  and  adenosine  (O) 
release  into  the  coronary  perfus* 
ate  from  hearts  arrested  with  24 
mM  K*  and  exposed  to  sus* 
tamed  hypoxia,  t^ronary  How 
(A)  increase  remains  coincident 
with  ATP  release  Reproduced 
with  permission  from  Vial 
er 


±  SEM).  The  cntical  point  is  that  the  working  preparation  produced  about  eight 
times  the  amount  of  ATP  m  the  sinus  effluent  compared  with  the  nonworking  prep« 
aration 

Table  2  shows  a  companson  of  the  concentrations  found  in  the  coronary  sinus 
effluent  from  working  and  nonworking  hearts.  No  account  has  been  taken  of  the 
difference  in  size  of  the  hearts,  presumably  the  guinea  pig  hearts  are  slightly  larger 
than  the  rat  hearts.  It  is  evident  that  an  incre^  in  time  of  hypoxia  or  the  work  of 
the  heart  will  increase  the  concentrations  of  ATP  released 

It  seemed  likely  that  release  of  ATP  was  proportional  to  the  myocardial  workload 
in  the  perfused  mammalian  hearts,  yet  the  possibility  remained  that  these  buffer- 
perfused  preparations  were  subjected  to  unusual  degrees  of  hypoxia  and  that  sudden 
imposition  of  a  heavy  afterload  could  produce  some  myocardial  damage,  resulting  in 
the  pathological  appearance  of  ATP  m  the  effluent.  A  much  more  accurately  controlled 
preparation  was  adopted  for  the  same  type  of  expenment.  Frog  hearts  from  Rana 
pipiens  were  perfused  in  silu  through  the  posterior  vena  cava  with  frog  Ringer’s 


T 
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FIGURE  5.  Concentration  of  ATP  in  the  coronary  effluent 
from  isolated  working  hearts  perfused  with  oxygenated  buffer 
(control)  during  the  last  30  sec  of  hypoxia  (hypoxia)  and 
after  a  5*min  perfusion  with  oxygenated  buffer  (recovery) 
Each  value  is  a  mean  ±  SEM  (iV  »  4)  NS.  not  significantly 
different  from  control.  Reproduced  from  Clemens  and 
Forrester  ” 

NS 

fra 

Control  Hypoxia  Recover' 


solution.^^  The  single  ventncle  contracted  against  an  artificial  resistance  of  constant 
value,  and  an  increase  in  workload  was  achieved  simply  by  elevating  the  perfusion 
pressure.  No  complications  with  coronary  artery  perfusion  occurred  because  frog  hearts 
do  not  possess  such  a  circulation  The  myocardium  is  bathed  in  perfusate,  and  oxygen 
reaches  the  spongedike  myocaidium  by  diffusion  from  the  perfusate.  ATP  in  the 
perfusate  was  assayed  by  firefly  technique  in  the  usual  way  except  that  the  sensitivity 
was  increased  by  nearly  IG-fold  (threshold  <  10"*  M)  with  the  addition  of  synthetic 
D'lucifenn  to  the  crude  extract.”  Figure  6  indicates  the  relationship  obtained  between 
workload  and  rate  of  release  of  ATP  into  the  perfusate  The  work  of  the  heart  was 
calculated  using  the  pre$sure*power  equation  derived  by  Kannengiesser,  Opie,  and 
Van  der  Werff.”  Kinetic  energy  factors  were  not  included  in  the  assessment  of  workload 
because  momentum  in  this  perfusion  system  was  negligible. 

A  question  may  be  rais^  about  the  function  of  ATP  release  m  frog  myocardium 
if  there  are  no  coronary  artenes  to  be  dilated.  It  has  long  been  known  that  frog 
myocardium  is  very  sensitive  to  extracellularly  applied  ATP,  and  indeed  this  was  the 
original  observation  that  helped  to  define  the  release  of  ATP  from  frog  skeletal  muscle.” 
ATP  produces  an  increase  in  myocardial  contractility,  and  its  release  from  hypoxic 
cells  could  produce  a  stronger  pumping  action,  encouraging  a  greater  flow  of  blood 
through  the  ventncle  and  enhancing  oxygen  delivery.  Nicdergerke  and  Page”  proposed 
that  ATP  may  participate  m  circulatory  control  of  the  frog  by  augmenting  atnal 
pumping  action.  Whatever  the  precise  function  may  be,  the  release  of  ATP  from  this 
tissue  in  response  to  an  increasing  workload  fortifies  the  proposal  that  an  increase  in 
work  of  the  mammalian  heart  increases  ATP  release  from  the  myocardial  cells,  with 
perhaps  hypoxia  being  the  intermediate  stimulus 


TABLE  2.  Release  of  ATP  from  Working  and  Nonworking  Hearts 


Reference 

Penod  of  Hypoxia 
(sec) 

Coronary  Effluent 
ATP  (nM) 

Heart  Preparation 

Paddle  and  Bumstock” 

90 

063 

Langendorff  guinea  pig 

Stowe  ef  fll,” 

180 

200 

Langendorff  guinea  pig 

Clemens  and  Forrester” 

90 

470 

Working  rat 

Vial  ft  aL” 

120 

1.30 

Langendorff  rat 

( 
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FIGURE  6,  Relationship  between  workload  (milliwatts  X  10"*)  and  rate  of  release  of  ATP 
(pmotes*mm~')into  the  perfusate  from  isolated  frog  heart  Samples  were  collected  30  sec  after 
commencement  of  increased  workload  Honzontal  and  vertical  bars  at  each  point  represent  one 
SEM. 


RELEASE  OF  ATP  FROM  ISOLATED  CARDIOCYTES  IN 
RESPONSE  TO  HYPOXIA 


The  isolated  adult  myocardial  cell  has  been  shown  to  release  ATP  in  response  to 
a  brief  penod  of  hypoxia.^  Adult  rat  heart  cells  were  isolated  enzymatically,  and 
ATP  was  identified  in  the  cell  suspension  using  the  firefly  technique  It  was  of  interest 
to  note  that  ATP  was  not  detect^  in  cell  suspensions  obtained  from  hearts  that  had 
been  asystolic  for  10  min  before  the  harvesting  procedure  This  was  taken  to 
indicate  that  dead  cells  in  suspension  could  not  contnbute  to  the  light  signal  evoked 
from  firefly  extract  in  response  to  hypoxia  It  was  found  that  0.34  ±  0.22  ^xmol 
ATP*mg”'  protein  was  released  by  celk  kep  in  an  oxygenated  environment,  whereas 
1  28  ±  041  ftmoLmg"*  protein  was  released  initially  by  cells  exposed  briefly  to 
hypoxia  (Fig.  7).  The  oxygenated  cells  continued  to  release  ATP,  leading  to  a  constant 
amount  in  the  suspension  fluid  equivalent  to  028  /imol*mg~'  protein  for  at  least  60 
mm  of  incubation  at  37  *C.  In  contrast,  the  amount  of  ATP  released  by  the  hypoxic 
cell  population,  while  falling  significantly  over  10  mm  following  the  hypoxic  penod, 
remained  higher  at  045  ftmol-mg"'  protein 

It  was  calculated  that  over  a  penod  of  1  mm  the  release  of  ATP  from  cells  exposed 
to  hypoxia  amounted  to  0  5%  of  the  total  intracellular  ATP.  In  the  oxygenated  state 
the  proportion  released  was  0  05%.^ 

It  was  important  to  exclude  the  possibility  that  the  isolated  cells  simply  extruded 
ATP  as  a  function  of  time,  perhaps  indicating  steady  cell  detenoration  Figure  8 
shows  the  response  of  firefly  extract  to  a  cell  suspension  exposed  alternately  to  hypoxic 
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and  oxygenated  buffer  solutions.  Each  time  the  hypoxic  cells  were  introduced  into 
the  oxygenated  environment,  the  levels  of  ATP  released  approximately  equaled  the 
amounts  of  ATP  released  by  the  cells  in  a  normoxic  environment.  Figure  9  sum* 
manzes  results  from  six  experiments  of  this  kind 

Some  idea  of  the  dynamism  of  the  ATP  release  process  was  gained  from  the  great 
reduction  in  light  signal  following  the  rapid  removal  of  cells  from  the  fluid  suspension. 
When  cells  were  present  a  signal  equivalent  to  0.39  ftM  ATP  was  produced,  but 
following  removal  of  cells  by  a  iO>sec  centrifugation  interval  the  celhfree  fluid  sample 
gave  a  signal  of  only  0  11  equivalent.  In  fact,  this  meant  tbit  0.027  ;iM*sec~' 
was  lost  after  removal  of  cells.  According  to  the  estimated  rate  of  hydrolysis  of  ATP 
added  to  suspension  fluid  from  which  the  cells  had  b^n  removed,  measured  at  substrate 
concentrations  between  O.S  and  1  0  /iM  ATP  (Table  3),  between  0.009  and  0.040 
^iM^sec**’  can  be  hydrolyzed;  therefore  the  disappearance  of  0.274  ATP  after 
the  10-sec  centrifugation  seemed  to  be  accounted  for  by  this  process.  A  preliminary 
characterization  of  this  extracellular  ATPase  activity  was  undertaken,  and  the  results 
are  s^nown  in  Table  3.  The  value  was  13  and  the  V/1  of  hydrolyzed  ATP 
was  18  3  ;iM*min”‘  at  37  *C.  The  was  found  to  be  between  25  and  37  *C  The 
enzyme  activity  remained  unaffected  by  hypoxic  conditions  or  ouabain.^ 

A  constant  concern  throughout  these  experiments  with  isolated  adult  cells  was 
the  possibility  that  the  enzyme  dissection  technique  damaged  the  cel)  membranes.  The 
cells  were  routinely  isolated  in  bicarbonate-phosphate  buTer  solution  with  no  added 
Direct  measurement  of  in  the  enzyme  solution  amounted  to  only  14.4 
In  a  further  series,^*  cells  maintained  in  oxygenated  buffer  with  no  added  Ca’* 
released  88  8  ±  49  pmol  ATP-mg"*  protein  (mean  ±  SD)  after  5  min  of  incubation 
at  37  *C  Addition  of  up  to  2  mM  Ca^"^  to  the  oxygenated  buffer  did  not  significantly 
alter  the  amounts  of  ATP  found  in  the  suspension  medium.^’  Thus  it  was  not  felt 
that  these  cells  were  calcium  sensitive  as  far  as  ATP  extrusion  was  concerned 
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HGURE  7.  Amounts  of  ATP 
measured  in  fluid  suspending  iso¬ 
lated  adult  cardiocytcs  from  rat 
heart.  Cell  suspensions  were  ex¬ 
posed  to  hypoxia  (•)  and  tested 
for  ATP  at  I,  15,  and  30  mm 
Ox>genated  controls  (O)  were 
tested  for  ATP  at  the  same  times 
Each  point  is  mean  of  six  deter¬ 
minations  Vertical  bars  mdicate 
one  SD,  Temperature  37  ‘C.  Re¬ 
produced  from  Forrester  and 
Williams  *• 
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FIGURE  8.  Emission  of  light  from  ilrefly  extract  in  response  to  a  cell  suspension  exposed 
alternately  to  hypoxic  and  oxygenated  buffer  solution  A  (a),  signal  after  exposure  of  cells  to 
hypoxia.  <b).  response  after  cells  had  been  returned  to  oxygenated  medium,  (c).  response  when 
returned  to  hypoxic  buffer,  (d),  response  when  finally  returned  to  oxygenated  medium  Note 
alteration  in  pen<recorder  amplification  B  (a)-(d),  paired  oxygenated  controls  matching  the 
solutions  tested  in  A 


Is  the  enzymatic  treatment  for  cell  separation  responsible  for  hypoxia'induced 
release  of  ATP?  To  test  for  this  possibility,  the  cells  were  harvested  with  three  different 
types  of  proteolytic  enzyme  mixtures,  trypsin  +  collagenase’*,  hyaluronidasc  + 
collagenase”,  and  dispasc  4-  collagenasc”  Table  4  shows  ATP  release  in  response 
to  normoxic  and  hypoxic  conditions  after  incubation  at  37  *C  for  20  mm.  From  3  5 
to  5  times  the  ATP  concentration  of  the  normoxic  controls  was  produced  in  the 
suspension  fluid  by  hypoxia.  The  very  small  absolute  levels  product  by  the  hyalu* 
romdase  +  collagenase  mixture  are  not  understood  at  present,  but  recent  work  with 
erythrocyte  membranes”  would  suggest  that  membrane  protein  associated  with  hy> 
poxia-induced  ATP  efflux  m'ght  be  impaired  specifically  by  this  proteolytic  enzyme 
mixture. 

Another  approach  to  assessing  cellular  damage  was  to  measure  the  oxygen  con* 
sumption  of  the  isolated  cell  population.^'  Table  5  shows  the  oxygen  consumption 
and  intracellular  concentrations  of  ATP  and  pyruvate  during  normoxic  and  hypoxic 
conditions  in  cells  where  the  isolation  procedure  was  with  trypsin  +  collagenase  Cells 
maintained  in  an  oxygenated  buffer  at  pH  7  4  and  37  *C  used  15  5  ±  1  64  mmol 
Oj^min"'*  10'*  cells  After  incubation  for  30  min,  the  intracellular  concentration  of 
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ATP  declined  slightly  from  5.36  ±  1.53  to  4.41  ±  1.47  mM  (each  value  a  mean  ± 
SD)  The  intracellular  concentration  of  ATP  after  1  min  in  hypoxia  was  4  67  ±  0  70 
mM  (mean  ±  SD).  Pyruvate  levels  remained  constant  during  the  first  10  min  of 
incubation,  averaging  4.5  to  4  9  mmol*mg~'  protem.  The  same  general  pattern  was 
seen  in  hypoxia.  All  levels  of  pyruvate  were  elevated  over  normal  in  hypoxic  conditions 
Membrane  integrity  was  also  assessed  by  measunng  cellular  and  extracellular  LDH 
levels  ”  It  was  found  that  the  activity  of  cellular  LDH  remained  the  same  dunng  a 
30*min  period  of  incubation  in  normoxic  conditions  (324-395  lU-mg"'  protem)  and 
that  LDH  levels  in  the  cellTree  supernatant  also  remained  at  a  low,  but  constant, 
level  (59.6  IU*mg“'  protein)  Addition  of  2  mM  Ca^*  to  oxygenated  cells  increased 
the  intracellular  LDH  activity,  but  it  remained  constant  over  a  30*min  period,  av* 
eragmg891  IU>mg~'  protein  Addition  of  Ca^*^  did  not  significantly  raise  extracellular 
LDH  activity  found  without  added  Ca**.  More  significantly,  though,  the  level  of 


FIGURE  9.  Levels  of  ATP  release  from  cells  alternately  exposed  to  hypoxic  and  oxygenated 
buffer  solution  Results  from  six  experiments  Open  columns,  cells  continuously  oxygenated 
Hatched  columns,  cells  first  exposed  to  hypoxic  buffer  Suppled  columns,  cells  previously  sus¬ 
pended  m  hypoxic  buffer  restored  to  oxygenated  medium  Reproduced  from  Forrester  and 
Williams  ^ 
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LDH  activity  found  extracellularly  increased  only  slightly  during  hypoxia  and  was 
not  significantly  higher  than  those  levels  measured  under  normoxic  conditions 
Further  evidence  to  support  the  innocuousness  of  the  enzymatic  separation  was 
provided  by  insulin  receptor  studies  The  cells  were  shown  to  retain  insulin  sen¬ 
sitivity.  Both  glucose  incorporation  into  glycogen  and  the  activity  of  the  I  form  of 
glycogen  synthetase  (£C  2.4.1.11)  wen  stimulated  by  application  of  insulin. 


Effect  of  Extracellular  pH  on  Release  of  ATP  from  Isolated  Myocytes 


A  decrease  in  the  pH  to  6  8  diminished  the  release  of  ATP  m  both  normoxic  and 
hypoxic  conditions.^^  This  pH  value  was  similar  to  pH  values  recorded  from  ventricles 


TABLE  3.  Characterization  of  Extracellular  ATPase  Activity  of  Suspended 
Cardiocytes  Isolated  from  Adult  Rat  Heart* 


Initial  ATP 
Concentration 
(I'M) 

Rate  of  Hydrolysis  (/iM  •  hr'*) 

0*C/ 

0,  COj 

37  *C/ 

0,  CO, 

37*C/N, 

05 

4 

33 

77 

1.0 

10 

147 

88 

20 

18 

598 

185 

50 

540 

100 

lit 

690 

1050 

15.0 

147 

900 

1230 

25  0 

132 

2220 

2520 

500 

180 

2160 

1257 

K.  (ixM) 

105-11 

12-13 

12  5 

r/2<pM/min) 

I  5 

183 

20  8 

*  Adapted  from  Forrester  and  Williams  ** 


during  ischemia  Although  the  levels  of  ATP  released  were  diminished  by  acidic 
conditions,  it  was  calculated  that  significant  amounts  of  ATP  were  released  to  cause 
dilatation  of  the  coronary  artenes  in  the  intact  myocardium  ^ 

In  the  context  of  acidosis  it  is  of  interest  to  note  that  Pentilla  and  Trump*^  found 
that  acidosis  protected  the  renal  cortex  of  rat  and  Ehrlich  ascites  tumor  cells  against 
loss  of  cellular  ATP  during  hypoxia.  They  suggested  that  a  lowered  pH  would  modulate 
membrane  permeability  through  interactions  of  with  membrane  proteins  and/or 
lipids  Also,  Bmg  et  al.**  found  that  papillary  and  trabecular  myocardium  recovered 
greater  mechanical  activity  dunng  reoxygenation  if  the  muscles  were  kept  at  an  acid 
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TABLE  4.  Effect  of  Different  Enzyme  Separation  Techniques  on  ATP  Release  from 
Isolated  Cardiocytes  in  Response  to  Hypoxia* 


ATP  Release 
(pmol  •  mg  protein'*) 

Trypsin  Collagenasc 

Hyaluronidase  CcUagenase 

Dispase  Collagenasc 

Oxygenated 

340 

17.1 

361.3 

Hypoxic 

1280 

82  2 

8267 

•  Cells  were  incubated  for  20  min  at  37  *C 


pH  (6.8)  during  the  15*min  period  of  hypoxia.  Nayler  et  ai.**  also  demonstrated  a 
protective  effect  of  acidosis  on  hypoxic  heart  muscle. 

It  has  been  proposed  that  ATP  produced  by  cellular  glycolysis  may  function  in 
the  maintenance  of  membrane  integrity.**'*’  Bing  et  al  *’  felt  that  a  pH  fall  inhibited 
the  glycolysis  cascade,  thereby  conserving  carbohydrates,  depression  of  mechanical 
activity  also  aided  in  energy  conservation  Thus  glycolysis  may  function  as  the  met* 
abolic  source  of  ATP,  a  small  portion  of  which  is  rel^sed  from  the  cell  in  response 
to  hypoxia 


A  Model  for  the  Mechanism  of  ATP  Release  from  Cardiocytes 


The  existence  of  a  nucleotidc^Ca^protein  complex  was  first  proposed  by  R.  J.  P. 
Williams,**  and  a  similar  model  has  been  proposed  for  excitable  membranes  Some 
investigators*’**  noted  that  conditions  that  affected  nucleotide  release  also  increased 


TABLE  5.  Metabolic  Indices  of  Suspended  Cardiocytes  Isolated  from  Adult 
Rat  Heart 


Oxygen 

Consumption  Pyruvate* 

(nmol  •  min'*  ATP'  (mui,  nmol 

•  10  *  cells)  (mm,  mol  •  liter”')  •  mg  protein”') 


Oxygenated  cells 
(pH  7  4) 


Anoxic  celts 
(pH  7  4) 


15  5  ±  1  M  I.  5.36 

10,  2  35 
20,  4.24 
30,4  41 

1,  4.67 
10.  347 
20,  1.65 
30,2  92 


1.53 

1,4.5  i  1.3 

1.11 

10,  4  9  i  12 

078 

20,  6  2  i  1.5 

147 

070 

I,  57  2:  23 

009 

10,  5  4  ±  1  9 

073 

20,  9.7  i  2  4 

1.39 

Intracellular  concentration  calculated  from  water  content  and  mean  cell  volume 
Intracellular  content  corrected  for  cellular  protein  concentration 
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the  rate  of  calcium  efflux  Incubation  of  oxygenated  cardiocytes  in  the  presence  of 
EDTA  in  concentrations  of  50  /iM  had  no  effect  on  the  release  of  ATP”  In  con¬ 
centrations  above  SO  p,M  EDTA,  ATP  release  was  increased  7-fold  during  the  first 
5  min  of  incubation  ”  It  was  determined  by  radioactive  labeling  of  EDTA  that  no 
more  than  0  6%  applied  EDTA  was  associated  with  any  cell  fraction  and  that  up  to 
98%  EDTA  remained  in  the  cell  supernatant  ”  Thus  it  seemed  likely  that  extracellular 
EDTA  (  >  50  piM)  was  chelating  Ca*^  off  the  membrane  that  was  accompanied  by 
the  anionic  ATP  molecule. 


RELEASE  OF  ATP  FROM  HUMAN  ERYTHROCYTES  IN 
RESPONSE  TO  HYPOXIA 


Release  of  ATP  from  myocardial  tissues  in  response  to  an  hypoxic  situation  has 
now  been  demonstrated  by  many  workers,  yet  a  mechanism  for  the  release  process 
has  not  been  defined.  A  theoretical  model  has  been  proposed”  ”  based  on  what  could 
be  termed  circumstantial  evidence  Tissue  damage  remains  a  cntical  point  with  both 
perfused  myocardial  preparations  and  with  cardiocytes  in  culture  Because  ATP  is 
released  from  a  great  diversity  of  tissues,  it  seemed  prudent  to  test  cells  that  were 
easy  to  handle,  that  were  difficult  to  damage,  and  that  showed  a  functional  response 
to  hypoxia.  Erythrocytes  come  close  to  satisfying  these  enteria 

Initial  observations  in  this  laboratory  have  shown  that  the  release  of  ATP  from 
frog  erythrocytes  could  be  blocked  with  the  anion  channel  blocking  drugs  probenecid 
and  furosemide.”'”  It  was  postulated  that  ATP,  being  strongly  anionic,  might  traverse 
the  membrane  via  anion  channels.”  It  was  further  speculated  that  in  order  to  preserve 
electrical  balance  extracellular  chloride  would  need  to  enter  the  cell  ”  These  findings 
led  to  similar  experiments  using  the  human  erythrocyte  m  vitro  It  was  found  that  an 
oxygenated  Krebs-Henseleit  solution  (pH  7.4)  containing  approximately  5000 
cells  •pi”’  in  suspension  had  a  concentration  of  500,000  molecules  ATP  •cell”*,  as 
measured  by  the  firefly  technique  ”  This  was  correlated  with  a  1%  hemolysis,  venfied 
by  measurement  of  free  hemoglobin  in  the  suspension  fluid  Cell  suspensions  were 
injected  into  an  “ancrobic”  chamber  (Po^.  <3  mm  Hg;  Pco^:  60  mm  Hg;  37 ’C), 
gently  mixed,  and  then  withdrawn  after  a  50*scc  exposure  to  the  hypoxic  environment. 
The  suspension  fluid  was  then  assayed  for  ATP  using  firefly  extract  +  punfied 
lucifenn.”  An  ATP  concentration  of  2.65  (  ±0.15  SEM)  X  10*  molecules  •cell"'  was 
measured.  This  hypoxia-inducM  ATP  release  could  be  blocked  in  three  different  ways 
First,  by  application  of  anion  channel  blockers  mflumic  acid  (50  pM),  DIDS  (50 
pM),  and  dipyridamole  (50  M);  second,  by  substitution  of  extracellular  permeant 
anions  chlonde  and  bicarbonate  with  the  impermeant  anion  methanesulfonate;  third, 
by  incubating  the  cells  with  nitrobenzylthiomosine,  a  nucleoside  transport  blocking 
agent,”  in  a  concentration  of  only  5  nM.”  The  background  levels  of  ATP  produced 
by  spontaneous  hemolysis  remained  unaffected  by  these  blocking  techniques 

These  findings  allow  the  following  model  to  he  proposed  for  the  passage  of  ATP 
across  the  hypoxic  erythrocyte  membrane  Hypoxia  has  the  effect  of  opening  a  channel 
in  the  nucleoside  transporter  (associated  with  band  4  5  protein)  and  allowing  intra¬ 
cellular  ATP  to  travel  down  a  steep  electrochemical  gradient  ( transmembrane  potential 
measurement  of  the  human  erythrocyte  has  been  measured  at  —  ll  mV  inside”).  In 
order  to  preserve  electrical  silence  across  the  membrane,  the  efflux  of  ATP*"  is 
accompanied  by  simu]taneor.s  influx  of  Cl"  and/or  HCO3",  which  occurs  through 
band  3  protein  (anion  channels)  in  the  erythrocytic  membrane 
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COMMENTARY  AND  CONCLUSIONS 


There  seems  httle  doubt  that  ATP  is  released  into  the  coronary  circulation  as  a 
result  of  hypoxia  Release  from  endothelial  cells,  vascular  smooth  muscle,  isolated 
adult  cardiocytes,  and  human  erythrocytes  in  vitro  suggests  multiple  sources  when 
hypoxia  is  impost  upon  the  whole-heart  preparation. 

Release  of  ATP  in  proportion  to  work  perform^^’  could  mean  that  the  greater 
the  workload  the  greater  the  degree  of  transient  hypoxia  that  occurs,  leading  to  an 
increased  rate  of  ATP  release.  It  is  not  yet  known  how  the  activity  of  extracellular 
ATPases  is  affected  by  oxygen  tension;  however,  one  study^^  did  suggest  that  hypoxia 
could  increase  ouabain-sensitive  ATPase  activity.  Extracellular  dephosphorylation  is 
evident  by  the  appearance  of  a  peak  amount  of  adenosine  occurring  a  few  minutes 
after  the  peak  for  ATP.”  No  doubt  some  of  the  adenosine  could  have  be'  n  released 
directly  from  hypoxic  myocardium,  but  data  concerning  ATP  clearance  across  the 
coronary  vascular  bed  indicates  that  97-99%  is  degraded 

It  is  interesting  to  note  that  the  amount  of  ATP  released  from  cardiocytes  was 
maximal  at  the  onset  of  hypoxia”  and  that  the  ATP  release  from  pcrAised  hearts 
diminished  with  successive  applications  of  hypoxia  Also,  in  sustained  hypoxia  the 
ATP  release  was  maximal  immediately  after  hypoxia  was  introduced,  but  after  a  very 
short  time  (1  min)  fell  to  steady  levels””  It  may  be  highly  significant  that  the 
coronary  flow  rate  also  fell  to  a  steady  value  m  spite  of  the  continued  application  of 
hypoxia  ”  Teleologically  it  would  be  highly  advantageous  for  a  powerful  vasodilator 
to  be  mobilized  in  the  coronary  circulation  at  the  very  onset  of  hypoxia. 

Hypoxia*induced  release  of  ATP  from  human  erythrocytes  in  vitro  raises  a  new 
speculation  concerning  the  control  of  blood  vessel  caliber  in  conditions  of  local  hypoxia. 
Intravascular  ATP  has  been  shown  to  act  as  a  vasodilator  through  stimulating  the 
release  of  endothelial  cell  derived  relaxing  factor  (EDRF)  from  vascular  endothelium.” 
If  a  portion  of  myocardium  becomes  acutely  hypoxic,  then  erythrocytes  circulating 
into  that  region  may  release  vasodilator  amounts  of  ATP,  acting  via  EDRF  release 
All  these  findings  point  to  something  of  far  broader  significance  concerning  cellular 
regulation  of  the  “milieu  interieur.”  COnsidenng  the  great  vanety  of  cell  types  that 
exhibit  nucleotide  release,  hypoxia-mduced  release  of  ATP  from  erythrocytes  and 
myocardium  may  be  only  one  example  of  a  more  widespread  extracellular  nucleotide 
system  providing  m/CA^clIular  routes  of  metabolic  communication. 
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DISC(/SS/ON  OF  THE  PAPER 


J.  Barankiewicz  {Gensia  Pharmaceuticals,  San  Diego.  CA),  I  agree  that  red 
blood  cells  (RBCs)  represent  good  matenal  for  the  study  of  ATP  release  from  cells 
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because  RBCs  have  relatively  low  activity  ofectonucleotidases.  We  recently  did  several 
expenments  of  ATP  release  from  RBCs,  endothelial  cells,  and  lymphocytes  under 
ischemic  conditions  in  situ.  Whereas  lymphocytes  and  endothelial  cells  release  sig* 
nihcant  amounts  of  adenine  nucleotides,  RBCs  were  the  worst  source  of  ATP  where 
the  results  were  calculated  per  the  same  number  of  cells  ( 10^  cells). 

T.  D.  White  {Dalhousie  University,  Halifax,  Nova  Scotia,  Canada).  Just  a  comment 
that  K^‘  and  veratndine-evoked  release  of  ATP  from  rat  brain  synaptosomes  is  not 
blocked  by  dipyridamole  (20  fiM),  suggesting  that  this  release  does  not  involve  a 
nucleotide  transporter. 

L.  L.  Slakey  {University  of  Massachusetts,  Amherst.  MA).  Your  work  with  RBC 
ATP  efflux  is  very  elegant,  and  I  think  ushers  in  a  penod  of  serious  attention  to  the 
problem  of  the  transport  of  phosphorylated  compounds  at  the  plasma  membrane  In 
response  to  a  previous  question,  I  think  it  is  likely  that  efflux  of  ATP  and  cAMP  are 
different  processes  We  have  studied  hormone-induced  efflux  of  cAMP  in  smooth 
muscle  cells,  and  hnd  that  ATP  does  not  come  out  under  conditions  m  which  there 
1$  substantial  efflux  of  cAMP. 

D  Satchell  {University  of  Melbourne,  Melbourne  Victoria,  Australia):  Hypoxia 
releases  catecholamines  from  tissues.  I  was  wondenng  to  what  extent  this  might 
contribute  to  the  efforts  of  hypoxia  on  ATP  release  in  heart 

Forrester:  An  interesting  question  that  gives  the  opportunity  to  bring  up  some 
general  points.  First,  it  is  highly  probable  that  hypoxia-mduced  ATP  release  from  a 
whole  heart  preparation  has  neural  tissue  as  one  source,  and  that  would  include  the 
sympathetic  nerve  supply.  There  is  now  much  evidence  for  the  release  of  ATP  from 
depolanzed  neural  tissue  (for  example,  the  synaptosome  preparation  of  Tom  White). 
Second,  there  would  seem  to  be  a  specthc  release  effect  of  hypoxia  on  both  isolated 
cardiocytes  and  human  erythrocytes  in  suspension.  I  have  implicated  the  nucleoside 
transporter  in  this  response  (RBCs),  but  more  work  has  to  be  done  to  explore  the 
effect  of  hypoxia  on  the  permeability  of  membranes  to  ATP 
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INTRODUCTION 


One  of  the  exciting  discovenes  made  in  neurobiology  dunng  the  past  decade  has 
been  the  observation  that  ATP  appears  in  the  extracellular  space  surrounding  a  variety 
of  neurones  under  physiological  conditions  This  has  led  to  the  inclusion  of  ATP  and 
its  metabolites,  particularly  adenosine,  on  a  growing  list  of  neurotransmitter  or  neu* 
romodulator  candidates  Many  potential  actions  for  this  extracellular  ATP  have  been 
proposed;  these  effects  may  be  mediated  through  several  classes  of  the  ATP  receptor, 
which  are  in  turn  coupled  to  a  variety  of  intracellular  signaling  mechanisms.*'^  Many 
of  the  mechanisms  involved  in  the  regulation  of  extracellular  ATP  levels  are  poorly 
characterized,  and  this  is  true  for  the  immediate  intracellular  origin  of  the  ATP  found 
extracellularly,  and  the  mechanisms  involved  in  its  release.  As  for  other  neurotrans* 
mitters  or  neuromodulators,  charactenzation  of  these  processes  involved  m  ATP 
release  is  essential  for  a  complete  understanding  of  the  biological  role  of  extracellular 
ATP. 

Potential  sources  of  extracellular  ATP  withm  neuronal  systems  include  1)  cytosol 
of  the  prcsynaptic  and/or  postsynaptic  cell;  2)  endothelial  cells  of  nearby  blood  vessels; 
3)  adjacent  supporting  cells;  and  4)  synaptic  vesicles  of  the  nerve  terminal  (Fic  1) 
In  this  discussion,  the  role  of  the  ATP  localized  within  neuroendocnne  secretory 
vesicles  will  be  reviewed. 


DISTRIBUTION  OF  SECRETORY  VESICLES  CONTAINING  ATP 


A  variety  of  hormone-  and  neurotransmitter-contaming  secietory  vesicles  have 
been  purified  m  sufficient  quantities  for  biochemical  analysis  of  their  contents  Many 
of  these  isolated  vesicles— including  chromaffin  granules  from  the  adrenal  medulla, 
peripheral  and  central  adrenergic  vesicles,  cholinergic  synaptic  vesicles,  and  platelet- 
dense  granules— contain  a  large  quantity  of  nucleotides  (Table  1) 

Address  for  correspondence  Howard  Hughes  Medical  Institute  Research  Laboratories,  Uni¬ 
versity  of  Pennsylvania  School  of  Medicine,  Room  360,  Johnson  Pavilion,  36lh  and  Hamilton 
Walk,  Philadelphia,  Pennsylvania  1910t 


353 


354 


ANNALS  NEW  YORK  ACADEMY  OF  SaENCES 


TABLE  1.  Honnone-  and  Ncurotransmittcr-Containmg  Secretory  Vesicles 


Cell  Type 

Organelle 

Composition 

Reference 

Hormone-Contaimng  Secretory  Vesicles 

Chromaffin  cell 

Chromaffin  granule 

Catecholamines,  ATP,  enkephalin 

3 

Platelet 

Dense  granule 

Serotonin,  ADP,  ATP 

4 

Seurotransmitter-Contamtng  Secretory  Vesicles 

Peripheral  adrenergic 
nerve  ending 

Central  adrenergeic 

Synaptic  vesicle 

Catecholamines,  ATP,  enkephalin 

5 

nerve  ending 
Peripheral  cholinergic 

Synaptic  vesicle 

Catecholamines,  ATP 

6 

nerve  ending 

Central  cholinergic 

Synaptic  vesicle 

Acetylcholine,  ATP 

7 

nerve  ending 

Synaptic  vesicle 

Acetylcholine,  ATP 

6.7 

The  chromaffin  granule,  the  subccllular  organelle  within  the  chromaffin  cells  of 
the  adrenal  medulla  that  accumulates  and  stores  catecholamines,  is  one  of  the  most 
studied  secretory  granules  Because  the  equilibrium  sedimentation  density  of  the  chro¬ 
maffin  granule  is  equivalent  to  2  M  sucrose,  and  because  large  amounts  of  starting 
material  can  be  obtained  from  slaughterhouses,  the  granules  can  be  isolated  in  ex¬ 
tremely  high  punty  and  yield.  The  measured  ATP  content  of  bovine  adrenal  chromaffin 
granules  is  approximately  560  nmol/mg  of  protein*-’  Based  upon  the  calculated 
intravesicular  water  space,  this  would  correspond  to  an  apparent  concentration  of  125 
mM  if  all  of  the  ATP  was  free  m  solution.  The  ATP  content  is  often  expressed  as 
the  catccholamine-to-ATP  ratio,  and  reported  values  range  from  3:1  to  20  I  *’  These 
disparate  numbers  may  represent  differing  degrees  of  granule  maturity,  or  may  reflect 
damage  to  the  granules  during  the  isolation  procedure 

Although  ATP  remains  the  predominant  nucleotide  within  the  chromaffin  granule, 
smaller  amounts  of  GTP,  UTP,  and  CTP  as  well  as  ADP  and  AMP  have  also  been 
measured.*®  It  is  not  known  whether  the  granular  content  of  these  other  nucleotides 
is  physiologically  important,  or  merely  reflects  their  accumulation  into  the  chromaffin 
granule  in  a  ratio  similar  to  that  of  the  cytosol. 

In  addition  to  catecholamines  and  ATP,  the  chromaffin  granule  contains  other 
soluble  proteins  including  large  amounts  of  enkephalin-related  peptides  as  well  as 
other  neuropeptides  ’  The  coexistence  of  catecholamines.  ATP,  and  enkephalins  within 
the  chromaffin  granule  has  proved  valuable  for  the  study  of  the  synthesis,  copackaging, 
and  cosecretion  of  these  putative  messengers  Pcnpheral  adrenergic  nerve  vesicles  also 
contain  a  high  content  of  catecholamines  and  ATP.*  Cholinergic  secretory  vesicles 
have  been  isolated  from  a  vanety  of  tissues  innervated  by  cholinergic  nerves  including 
brain,  cervical  ganglion,  myentenc  plexus,  and  diaphragm.*’’"  '*  Dense  granules  from 
platelets  containing  the  biogenic  amine  serotonin  also  contain  ATP  (and  sometimes 
ADP  in  certain  species),  with  an  apparent  nucleotide  concentration  of  150  mM**’ 


PROPERTIES  OF  ATP  TRANSPORT  INTO  SECRETORY 
VESICLES 


As  previously  noted,  based  upon  the  measured  ATP  and  catecholamine  content 
within  the  chromaffin  granule  and  the  calculate  internal  water  space,  an  apparent 
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intragranular  concentration  of  125  mM  for  ATP  and  0.5  M  for  catecholamines  can 
be  calculated  A  portion  of  this  ATP  is  certainly  bound  to  catecholamines  in  order 
to  maintain  the  internal  osmolality. “  Given  a  cytosolic  ATP  concentration  of  3-5 
mM,  however,  a  concentration  gradient  of  ATP  of  approximately  30  to  1  probably 
exists  across  the  chromaffin  granule  membrane  Despite  the  potential  advantages  of 
the  chromaffin  granule  system  and  the  ability  to  form  and  isolate  chromaffin  ghosts 
devoid  of  endogenous  catecholamines  or  ATP,  no  net  uptake  of  nucleotides  has  yet 
been  demonstrated  The  majority  of  experiments  have  been  performed  using  radio- 
labeled  nucleotides  and  intact  chromaffin  granules  where  the  exchange  reactions, 
leakage  of  endogenous  nucleotides  into  the  incubation  medium,  and  competition  of 
endogenous  substrate  may  ail  contribute  to  the  flux  measurements.  Many  of  the 
properties  of  ATP  transport  into  chromaffin  granules  have  been  elucidated  in  the 
laboratories  of  Winkler  and  Apps  ***** 

A  summary  of  the  measured  properties  cf  ATP  transport  are  listed  in  Table  2. 
Uptake  has  been  found  to  be  a  saturable  process  with  a  within  the  concentration 
range  of  the  cytosolic  ATP  (3-5  mM)  and  a  an  order  of  magnitude  faster  than 
that  for  biogenic  amine  accumulation  (300  nmol/mg  proiein/min  for  ATP  uptake 
versus  15  iimol/mg  protein/niin  for  biogenic  amine  uptake)**  The  kinetic  parameters 
for  Diogenic  amine  uptake  were  obtained  under  conditions  where  net  uptake  is  mea¬ 
sured 

The  precise  driving  force  for  ATP  transport  has  not  been  firmly  established  Because 
of  the  presence  of  a  H*'-translocating  ATPase  within  the  membrane  of  khc  chromaffin 
granule  responsible  for  the  generation  of  a  ApH  (acidic  inside,  pH  5  5)  and  a  A'P 
(positive  inside),  it  has  been  hypothesized  that  the  electrochemical  proton  gradient 
IS  the  dnving  force  for  ATP  accumulation  The  electrochemical  proton  gradient  is 
expressed  as 


A  fin*  =  A'P  —  2  3  Z  ApH  (m  mV) 

where  Z  RT/F,  and  where  /?  is  a  constant,  T  «s  the  temperature,  and  F  is  the 
Fataday  constant  *’ 


Post 


ATP 


FIGURE  1.  Schematic  of  a  neuronal  system  outlining  the  potential  sources  of  the  ATP  appearing 
in  the  extracellular  space  These  include  1)  cytoplasm  of  the  presynaplic  cell,  2)  cytoplasm  of 
the  postsynaptic  cell,  3)  release  of  ATP  from  neurotiansmitte<‘-a>ntaming  secretory  vesicles  by 
exocytost),  4)  enaothehal  cells,  and  5)  adjacent  stromal  cells. 
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TABLE  2.  Properties  of  Nucleotide  Transport  into  Isolated  Chromaffin  Granules 


K. 

0.9-1  4  mM 

476 nmol-min“‘*mg  protein”'  (at  37  *C) 

pH  dependence 

None 

Driving  force 

ANI* 

Specificity 

ATP-GTP-UTF  >  ADP  >  AMP 

Analogues 

S04*“,  phosphocnolpyruvatc 

Inhibitors/AT,  (30%) 

SO«*“,  PO«*",  phosphocnolpyruvatc/ 1  mM, 
atractyIoside/0 1  mM, 
carboxyatractyloside/0  4  mM, 
phenylglyoxal/5  mM 

For  ATP,  steady  state  conditions  arc  achieved  whenever  the  electrochemical  po¬ 
tential  for  ATP  distribution  is  equal  to  the  electrochemical  proton  gradient,  which  is 
defined  as 


A  /tAir  ==  n  A  /i„* 

where  n  is  the  coupling  stoichiometry,  the  number  of  protons  translocated  cither  in 
the  same  direction  as  the  ATP  (symport)  or  in  the  opposite  direction  (antiport)** 
Because  of  the  ApH  (acidic  inside)  and  the  A'P  (positive  inside)  generated  by  the 
H  ^-translocating  ATP,  the  diffusion  gradient  for  protons  is  in  the  outward  direction. 
Therefore,  it  would  be  predicted  that  the  ATP  influx  would  be  coupled  to  the 
efflux  (Fio.  2). 


ATP 

ATP 


FIGURE  2,  Schematic  of  a  secretory  vesicle  demonstraiing  the  H  * 'translocating  ATPase  and 
the  generation  of  a  transmembrane  eleclrocbenucal  proton  gradient.  This  gradient  is  the  driving 
force  for  ATP  accumulation 
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The  effect  of  the  ApH  and  the  upon  ATP  uptake  has  been  investigated  (FiC 
3)J*  It  was  concluded  that  the  major  dnving  fon^  for  ATP  influx  was  the  trans- 
membrane  electrical  potential  because  the  ATP  uptake  was  found  to  be  independent 
of  the  external  pH.  Because  only  the  external  pH  was  vaned,  this  experiment  does 
not  exclude  a  possible  contribution  of  the  ApH  to  the  thermodynamics  of  ATP 
accumulation.  More  detailed  expenmentation  will  be  required  before  the  precise  cou¬ 
pling  of  this  electrochemical  proton  gradient  to  the  ATP  accumulation  is  flrmly 
established. 

The  uptake  process  is  extremely  nonselective  and  transports  not  only  the  nucleo¬ 
tides  ATP,  GTP,  and  UTP,**  but  also  phosphocnolpynivate,  sulfate,  and  phosphate, “ 


pH 

FIGURE  3.  Uptake  of  ( 'HJATP  and  ( ‘*C]cpinephnne  into  isolated  chromaflin  granules  as  a 
function  of  the  external  pH.  from  data  of  Aberer  ft  aV*  Isolated  chromaffin  granules  were 
incubated  with  ( ’HJATP  and  ( '*C)epinephnne  in  a  medium  containing  0  3  M  sucrose- 10  mM 
Tns/HCl  at  the  indicated  pH  for  3  nun  at  37  *C  AAer  ihe  5>min  incubation,  the  gianules  were 
diluted  into  cold  sucrose,  centrifuged,  washed  m  cold  sucrose,  and  counted  for  radioactivity. 
No  corrections  were  made  for  endogenous  nucleotides  or  amines  The  traces,  which  have  been 
used  with  permission,  have  been  redrawn  from  reference  !9 


the  only  common  property  of  these  compounds  being  that  they  each  possess  two 
negative  charges.  ATP  accumulation  can  he  inhibited  by  two  classes  of  inhibitors.  1) 
those  that  dissipate  the  ApH  and/or  A'P  and  therefore  decrease  the  dnving  force  and 
2)  those  that  inhibit  transporter  function.  The  latter  group  includes  phenylglyoxal, 
an  arginine-speciflc  reagent,  and  atractylosid^  an  inhibitor  used  for  die  ATP/ADP 
translocator  in  mitochondna  The  IC*,  for  alractyloside  inhibition,  however,  is 
several  orders  of  magnitude  higher  than  m  Ihe  mitochondnon.  One  possible  inter¬ 
pretation  IS  that  the  alractyloside  binding  site  is  on  the  inside  of  the  vesicle  (and 
therefore  not  freely  available  to  the  externally  added  compound),  another  is  that  the 
two  proteins  are  structurally  dissimilar. 
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In  chromaffin  granules  it  is  hypothesized  that  an  electrostatic  interaction  occurs 
between  the  cationic  biogenic  amines  and  the  anionic  ATP  The  most  elegant  data 
anses  from  the  measurement  of  the  colligative  property  of  ATP  using  vapor  pressure 
osmolality.^’  These  results  indicate  that  the  ATP-catccholaminc  mixtures  form  highly 
ideal  solutions  with  a  mixture  of06  M  epinephrine  and  0.15  M  ATP»  showing  an 
effective  osmotic  pressure  of  only  0.25  osmol  at  36  *C  This  catecholamine-to-ATP 
ratio  closely  matches  that  generally  accepted  for  the  chromaffin  granule  contents. 
Therefore,  ATP  may  have  a  physiological  role  withm  the  secretory  vesicle  facilitating 
the  storage  of  catecholamines,  and  an  additional  biological  role  following  exocytotic 
release. 

Given  the  accumulating  information  that  extracellular  punnes  mediate  a  variety 
of  important  physiological  and  pharmacological  effects,  it  is  important  that  the  mech* 
anism  and  regulation  of  nucleotide  (predominantly  ATP)  accumulation  into  secretory 
vesicles  is  understood. 


SOURCE  OF  ATP  RELEASED  FROM  NERVE  TERMINALS 


Although  It  1$  accepted  that  ATP  is  coreleased  with  catecholamines  and  other 
intragranular  components  from  the  adrenal  medulla  chromaffin  cell  by  an  exocytotic 
process,  the  mechanism  of  release  from  nerve  terminals  is  less  well  characterized  This 
1$  particularly  true  for  ATP  release  from  cholinergic  nerve  terminals,  where  several 
reports  suggest  separate  origins  for  the  released  acetylcholine  (ACh)  and  ATP,  even 
though  these  substances  are  colocalized  in  the  synaptic  vesicles  (see  reference  28  for 
review)  Clearly,  characterization  of  the  immediate  intracellular  ongin  of  released 
ATP  (and  the  mechanism  by  which  it  is  released)  is  essential  for  a  full  understanding 
of  the  role  ATP  may  serve  as  a  neurotransmitter  or  neuromodulator  m  this  cholinergic 
system. 

We  utilized  the  electric  organ  of  Narcme  brasihensts  as  a  source  of  purely  cholm* 
ergic  synaptosomes,  which  allowed  us  to  study  the  coreleasc  of  ACh  and  ATP’* 
Established  methods  of  tissue  disruption,  in  combination  with  density  gradient  cen* 
trifugation,  allowed  the  isolation  of  synaptosomes  containing  ACh  and  ATP  with 
specific  activities  of  248. 5  ±  21  6  (AT  =  8)  and  27.9  ±  34(A  =  4)  nmol/mg  protein, 
respectively.  These  values  compare  favorably  with  previous  reports  and  indicate  a 
high  degree  of  synaptosomal  punty  ’* 

When  these  synaptosomes  were  depolanzed  by  elevating  the  extracellular 
concentration.  ACh  release  could  be  detected  by  an  increased  content  m  the  incubation 
medium  of  either  choline,  or  ACh  if  any  acetylcholinesterase  (AChE)  inhibitor  (phos* 
pholine  iodide)  had  been  used.  Under  these  conditions,  little  or  no  ATP  release  into 
the  medium  could  be  detected.  In  light  of  previous  reports  of  an  ATPase  associated 
with  cholinergic  synaptosomes  isolated  from  elasmobranch  electric  organ  and  the 
mammalian  central  nervous  system, the  ATPase  activity  in  our  synaptosome  prep¬ 
aration  was  evaluated.  As  shown  in  Figure  4,  there  was  an  ATPase  activity  associated 
with  this  synaptosomal  preparation  with  a  A.  of  0.88  and  a  of  3.00  nmol/ 
min/mg  protein  Because  of  this  low  value,  it  appeared  that  this  activity  could 
be  responsible  for  hydrolyzing  ATP  released  from  the  synaptosomes,  and  three  an¬ 
alogues  of  ATP  were  test^  as  inhibitors  of  this  ATPase  All  these  analogues  inhibited 
the  ATPase,  but  a, /3-methylene  ATP  was  the  most  effective  with  an  IC,©  of  25  /iM 
(Fig.  5)  In  contrast,  both  a./J-methylene  ADP  and  /3,y-melhylene  ATP  had  IC50 
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FIGURE  4.  Ecto>ATPase  activity  of  isolated  cho* 
iinergic  synaptosomes  First,  SO- 100  /il  of  the  syn* 
aptosomal  suspension  (SO- 100  /ig  of  protein)  was 
added  to  350  /il  of  physiological  medium  containing 
so  fit  of  ATP-monitonng  reagent  (LKB)  in  a  cuvette 
The  cuvette  was  then  placed  in  a  LKB  lummometer 
(model  1250)  attached  to  a  strip  chart  recorder  The 
rate  of  ATP  hydrolysis  was  calculated  from  the  de¬ 
crease  m  the  chemoluminescence  The  temperature 
was  24  ‘C 


values  greater  than  500  As  shown  m  Figure  5,  a,/3*methylene  ATP  inhibited 
ATP  degradation  by  85%  at  a  concentration  of  500  /aM.  Using  a  combination  of 
phospholme  iodide  and  a,/J*mcthylene  ATP  (to  inhibit  AChE  and  ATPase,  respec¬ 
tively),  It  was  possible  to  quantitate  the  release  of  ACh  and  ATP  from  synaptosomes. 
Values  were  corrected  by  assessing  the  recovery  of  exogenous  ACh  and  ATP  from  a 
parallel  synaptosome  incubation. 

Under  these  conditions,  the  coreleasc  of  ACh  and  ATP  could  be  readily  dcm- 
onstrated  (Fio.  6).  The  amount  of  ACh  and  ATP  that  was  released  rose  with  increasing 
degrees  of  K depolanzation,  however,  the  ACh'ATP  ratio  remained  constant  at 
approximately  6-1.  Other  secretogogues,  suchas  veratr!dine(100^M)  and  lonomycm 
(2  5  ^M)  produced  different  degrees  of  ACh  and  ATP  release,  but  the  ACh  ATP 
ratio  again  remained  constant.  This  6:1  (ACh:ATP)  ratio  is  consistent  with  the 
generally  accepted  stoichiometry  of  ACh-ATP  within  cholinergic  vesicles  isolated  from 
electric  organ.  The  fact  that  the  amount  of  released  ACh  and  ATP  varied  under 
different  conditions  of  stimulation  while  the  stoichiometry  remained  constant  is  con¬ 
sistent  with  the  notion  that  the  synaptic  vesicle  is  the  immediate  source  of  ACh  and 
ATP  release  A  second  calcium  ionophorc,  A23I87,  consistently  induced  the  corcleasc 
of  ACh  and  ATP  in  a  higher  ratio  than  that  found  for  other  secretogogues,  at  present 
the  reason  for  this  is  unclear. 

The  demonstration  of  stoichiometric  corcleasc  of  ACh  and  ATP  from  synaptosomes 
did  not  exclude  the  possibility  that  all  or  a  portion  of  the  ACh  and  ATP  released 
in  this  ratio  from  the  cytosol  by  a  mechanism  other  than  exocytosis  Because  of  this, 
a  senes  of  radiolabeling  expenments  was  undertaken,  making  use  of  the  ability  of  the 
synaptosomes  to  rapidly  accumulate  and  acctylate  exogenous  choline  The  compound 


FIGURE  5,  Do^  dependence  of  a, ^•methylene 
ATP  upon  the  ccto-ATPase  activity  of  isolated 
synaptosomes  Ckinditions  were  identical  to  those 
desciibed  in  Figure  4,  except  a.^-methylenc  ATP 
was  added  to  the  incubation  mixture  at  the  indi¬ 
cated  concentration 


0  K)0  200  500  400  500 

(a,  g  Me ihytene  ATPJ  (pM) 


360 


ANNALS  NEW  YORK  ACADEMY  OF  SOENCES 


2-(4*pheny]pipendino)cyclohexanol  (AH5I83)  was  used  to  inhibit  the  accumulation 
of  ACh  into  the  synaptic  vesicle,  thereby  allowing  us  to  radiolabel  either  the  entire 
ACh  pool  (cytosolic  and  vesicular)  or  preferentially  the  cytosolic  pool  (Fio.  7) 
When  the  synaptosomes  that  had  been  radiolabeled  in  this  manner  were  depolarized 
and  the  extracellular  level  of  ACh  and  radiolabeled  ACh  determined,  it  was  clear  that 
AH3183  did  not  affect  the  total  amount  of  ACh  released  but  greatly  inhibited  the 
release  of  newly  synthesized  (radiolabeled)  ACh  (Fig.  8).  The  conclusion  from  this 
and  similar  studies  is  that  by  inhibiting  the  entry  of  ACh  into  the  synaptic  vesicle, 
the  release  of  ACh  is  also  inhibited.  The  fact  that  the  radiolabeled  ACh  content  of 
the  cytosol  is  unaffected  by  AH5183  indicates  that  this  response  is  not  a  consequence 
of  disrupted  ACh  synthesis.  Also,  addition  of  AH5183  after  the  labeling  pen^  did 


ATP 

FIGURE  6.  Stoichiometry  of  acetylcholine  and  ATP  release  from  isolated  synaptosomes  Washed 
synaptosomes  incubated  with  phospholme  (to  inhibit  acetylcholinesterase  activity)  and 
methylene  ATP  (to  inhibit  ecto-ATPase  activity)— at  concentrations  of  50  /iM  and  500  ^iM, 
respectively— were  added  to  physiologic  medium  containing  either  different  amounts  of  K 
veratndine,  lonomycin,  or  A23187.  In  the  samples  containing  K*,  the  urea  was  decreased 
proportionately  to  maintain  osmolality  After  4  mm  of  incubation,  the  samples  were  centnfuged 
for  4  mm  at  room  temperature  and  placed  on  ice.  and  aliquots  of  the  supernatant  were  assayed 
for  acetylcholine  and  ATP.  Recovery  of  acetylcholine  and  ATP  was  calculated  from  the  syn< 
aptosomal  fraction  to  which  known  amounts  of  acetylcholine  and  ATP  standard  had  been  added 
The  data  have  been  redrawn  from  reference  28 


not  affect  release  of  radiolabeled  ACh,  indicating  that  this  inhibition  of  ACh  release 
was  not  mediated  upon  some  AH5183>$ensitive  transporter  m  the  plasma  membrane 
Similar  expenments  were  performed  using  electric  organ  tissue  slices,  in  which  the 
cholinergic  nerve  terminals  are  much  less  disrupted  compared  to  synaptosomes,  as 
evidenc^  by  their  greater  capacity  to  accumulate  and  acetylate  radiolat^Ied  choline, 
and  their  ability  to  release  up  to  50%  of  their  ACh  content  following  K*  depolari¬ 
zation.  The  effect  of  AH5183  in  this  preparation  was  qualitatively  similar  to  that 
established  with  synaptosomes;  that  is,  inhibiting  ACh  entry  into  the  synaptic  vesicle 
inhibits  Its  release  Assuming  that  AHS183  is  100%  effective  at  inhibiting  vesicular 
ACh  entry,  and  that  the  residual  radiolabeled  ACh  release  onginated  directly  from 
the  cytosol,  it  can  be  calculated  that  a  maximum  of  5%  of  the  ACh  release  can  be 
attributed  to  such  a  process.  This  senes  of  radiolabehng  expenments  clearly  indicates 
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FIGURE  7,  Schematic  of  the  up* 
take  of  radiolabeled  choline  into  a 
presynaptic  cholinergic  nerve  end¬ 
ing,  the  conversion  of  choline  to 
acetylcholine,  and  the  effect  of 
AH5183 


that  greater  than  9$%  of  the  released  ACh  onginates  from  the  vesicular  pool.  This 
finding  confirms  the  conclusion  from  the  first  part  of  this  study,  where  the  ACh.ATP 
ratio  was  consistent  with  a  vesicular  origin.  Together,  these  data  clearly  identify  the 
synaptic  vesicle  as  the  immediate  origin  of  ACh  and  ATP  corelease  upon  depolari¬ 
zation. 


FIGURE  8.  The  effect  of  AH5I83  upon  synaptosomal  content  of  endogenous  acetylcholine  (A; 
and  radiolabeled  acetylcholine  (B),  and  upon  the  release  of  endogenous  acetylcholine  (C)  and 
radiolabeled  acetylcholine  (D)  dunng  depolanration  with  75  mM  potassium  Synaptosomes  were 
labeled  for  5  hr  at  room  temp'tature  with  [me/Vf*’H]cholme  The  three  groups  shown  included 
1)  no  additions  (open  bars),  2)  10  fiM  AH5183  present  dunng  the  radiolabelmg  penod  and 
release  experiments  (hatched  bar),  and  3)  10  ftM  AH5183  added  for  IS  mm  after  the  labeling 
penod  and  dunng  the  release  expenments  (stippled  bar)  Each  bar  represents  a  mean  t  SD 
(iV  =  4)  The  values  indicated  have  been  compart  to  their  respective  controls  (one-way  analysis 
of  vanance)  •.  p  <  .05,  ••  p  <  01;  ••••  p  <  01.  Reproduced  from  reference  28  with 
permission. 
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CONCLUSION 


Although  the  fundamental  importance  of  intracellular  ATP  levels  m  cellular  me¬ 
tabolism  has  been  recognized  for  many  years,  the  observation  that  extracellular  ATP 
can  influence  a  vanety  of  biological  processes,  including  platelet  aggregation,  vascular 
tone,  neurotransmission,  cardiac  function,  and  muscle  contraction,  is  more  recent 
Currently,  the  mechanisms  involved  m  regulating  extracellular  ATP  levels  arc  only 
partially  understood  In  addition  to  identifying  the  receptors  for  ATP  and  the  cellular 
processes  to  which  they  are  coupled,  charactenzing  the  actions  of  ATP  and  its  influence 
on  the  eflects  mediat^  by  other  colocalized  transmitters,  and  investigating  the  me¬ 
tabolism  of  extracellular  ATP  by  ectonucleotidases  into  inactive  forms  or  perhaps 
alternative  modulators  (that  is,  adenosine),  the  intracellular  ongin  of  the  extracellular 
ATP  and  the  mechanisms  involved  in  its  release  need  to  be  established.  One  potential 
source  of  the  ATP  is  the  secretory  vesicle,  which  is  capable  of  accumulating  ATP 
against  a  large  concentration  gradient  via  a  membrane  transporter.  All  the  evidence, 
from  the  studies  on  the  cholinergic  system  reported  here,  indicates  that  the  ATP 
released  upon  stimulation  onginates  directly  from  the  cholinergic  synaptic  vesicle 
This  identification  of  the  ATP  in  the  synaptic  vesicle  as  the  physiologically  relevant 
pool  that  is  released  upon  dcpolanzation,  indicates  that  further  study  of  the  regulation 
of  vesicular  ATP  accumulation  and  the  effects  of  this  ATP  once  it  is  released,  either 
as  a  ncurotransmitter  in  its  own  nght  or  as  a  iicuromodulator  of  ACh  ncurotrans- 
mission,  will  be  pertinent  to  a  complete  understanding  of  the  role  ATP  serves  in  this 
cholinergic  transmitter  system 
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DISCUSSION  OF  THE  PAPER 


E.  Rapaport  (Boston  University  School  of  Medicine,  Boston,  MA).  My  question 
is  with  regard  to  the  platelet-dense  granules.  The  ATP  and  ADP  in  the  platelet-dense 
granule  are  metabolically  stable^  and  they  cannot  be  rad:oactively  labeled  after 
[^HJadenosine  labeling  of  the  cytoplasmic  ATP  in  platelets  (which  are  55-60%  of 
the  total  ATP).  What  would  be  the  differences  between  the  uptake  of  cytoplasmic 
ATP  in  the  precursor  megakaryocyte  cel!  and  the  platelets? 

Johnson  At  this  time,  we  can  only  speculate  as  to  the  difference  between  the 
uptake  of  cytoplasmic  ATP  and  ADP  into  the  dense  granules  of  megakaryocytes  and 
platelets.  However,  given  that  the  dense  granules  contained  in  platelets  anse  from  the 
megakaryocyte,  one  would  predict  that  they  are  identical  (or  at  least  highly  similar). 

Your  question  also  touches  upon  another  unanswered  question:  How  do  platelet- 
dense  granules  of  certain  species  accumulate  large  amounts  of  ADP  in  addition  to 
the  ATP?  Because  the  cytosolic  concentration  is  quite  low  compared  to  ATP,  and 
because  the  specificity  of  the  translocator,  at  least  in  chromaffin  cells,  is  higher  for 
ATP,  the  transporter  on  platelet-dense  granules  differs  from  the  chromaffin  granule 
earner  (the  biogenic  amine  transporter  docs  not,  by  the  way),  or  the  specificity  of 
the  dense  granule  earner  differs,  or  a  second  ADP  transponcr  exists  Your  question 
points  out  the  need  for  more  study  in  this  area 

E  M  SiLiNSKY  (Northwestern  University  Medical  School  Chicago,  IL):  1.  A 
number  of  workers  have  found  that  the  intimacy  between  ATP  release  and  ACh 
release  is  so  tight,  that  the  firefly  luciferase  method  for  ATP  may  be  used  as  a 
quantitative  measure  for  coreleas^  ACh.  The  one  dispanly  in  the  literature  is  the 
dissociation  of  ATP  release  from  ACh  release  by  botulinum  toxin.  Have  you  inves¬ 
tigated  this  phenomenon  and/or  do  you  have  any  explanation  for  this  troublesome 
effect  of  botulinum  toxin? 

2  Do  you  have  any  evidence  for  or  against  the  notion  that  nonquantal  ACh  release 
at  the  neuromuscular  junction  is  blocked  by  vesamicol  because  of  the  incorporation 
of  vesamicol-sensitive  ACh  transporters  into  the  plasma  membrane  by  exocytosis? 

Johnson*  1.  My  colleague,  Dr.  Unsworth,  speculates  that  botulinum  toxin  inhibits 
the  release  of  both  ACh  and  ATP.  but  the  methods  used  to  quantitate  these  released 
substances  may  be  misleading  ACh  released  by  synaptosomes  is  rapidly  hydrolyzed 
tc  choline,  unless  the  AChE  associated  with  the  preparation  is  inhibited.  Accurate 
quantitation  of  released  ACh  is  therefore  possible  by  either  measuring  choline,  or 
ACh,  if  an  AChE  inhibitor  is  used.  Similarly,  we  have  shown  the  necessity  of  employing 
an  ATPase  inhibitor  for  the  accurate  quantitation  of  released  ATP  In  the  absence  of 
such  inhibitors,  ATP  released  into  the  medium  will  be  hydrolyzed.  Depending  on  the 
level  of  basal  ATP  release,  and  the  kinetic  parameters  of  any  ATPase  present,  a  liigher 
level  of  ATP  may  be  detected  in  the  release  medium  of  K^-stimulated  synaptosomes 
compared  to  unstimulated  synapt(^mes  However,  this  is  an  underestimation  of  the 
absolute  amount  of  ATP  released.  After  treatment  with  botulinum  toxin  the  total 
amount  of  ATP  released  may  be  reduced,  but  in  the  absence  of  ATPase  inhibitors 
the  level  detected  in  the  medium  of  K^-stimu1ated  synaptosomes  is  likely  to  be  similar 
to  non-toxin  treated  synaptosomes,  as  the  amount  of  ATP  recovered  will  depend  on 
the  kinetic  parameters  of  the  ATPase.  In  both  cases  (with  or  without  toxin)  the  ATP 
content  of  the  medium  will  by  hydrolyzed  to  a  similar  final  concentration  related  to 
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the  and  of  the  ATPase  present.  Thus  it  may  appear  that  ATP  release  is 
unaffected  while  ACh  release  is  inhibited  Similar  expenments  are  needed  with  a  more 
thorough  evaluation  of  the  recovery  of  ATP  coreleased  with  ACh,  before  the  actions 
of  botulinum  toxin  can  be  fully  understood. 

2.  We  have  no  evidence  for  this,  and  would  question  the  contribution  of  such  a 
process  if  a  transmembranc  ApH  is  necessary  for  this  transporter’s  activity  and  if  the 
binding  characteristic  of  the  transporter  arc  asymmetric. 

E.  M  Westhead  {University  of  Massachusetts,  Amherst,  MA)  I  would  just  like 
to  point  out  that  secretory  vesicles  of  chromaffin  cells  are  quite  heterogeneous  in  their 
ratio  of  catecholamines  to  ATP.  If  you  sediment  chromaffin  granules  through  a  sucrose 
density  gradient  ycu  find  that  in  the  m<»t  dense  vesicles  the  ratio  of  ATP  to  cate* 
cholamines  can  as  high  as  10  or  12  to  1.  Furthermore,  Karen  Helle  has  shown 
that  in  Norwegian  cows  (which  are  presumably  under  considerable  stress  in  winter) 
the  ratio  of  ATP  to  catecholamines  varies  considerably  through  the  course  of  the 
year. 

Johnson*  Thank  you  for  your  comments.  In  our  own  work,  we  also  see  a  wide 
range  of  catecholamine/ATP  ratios  within  the  gradient  I  am  not  surprised  that  the 
catecholamine/ATP  ratio  vanes  in  Norwegian  cows—we  previously  found  that  the 
composition  of  the  membrane  lipids  also  vanes  throughout  the  year  Your  comments 
point  out  again  how  phenomenologic  our  results  are,  and  how  little  we  know  about 
the  cellular  and  molecular  basis  of  secretory  vesicle  content. 

J.  S,  Fedan  {National  Institute  for  Occupational  Safety  and  Health.  Morgantown, 
WV)y  Can  you  comment  on  the  relative  proportions  of  free  and  metaheomplexed  ATP 
in  adrenergic  granules,  and  how  rapidly  ATP  might  dissociate  from  other  constituents 
in  the  granule  to  which  it  is  bound? 

Johnson.  This  is  an  excellent  question,  and  one  to  which  I  cannot  give  a  dehnite 
answer.  The  concentration  of  metal  ions  (particularly  Mg^"")  within  a  chromaffin 
granule  (the  best  studied  example)  is  approximately  40  mM,  with  the  ATP  concen* 
tration  approaching  125  mM.  Given  an  acidic  pH  (pH  5.5),  which  would  decrease 
the  metal  complexed  to  ATP,  most  of  the  Mg**,  due  to  its  affinity  for  ATP,  should 
be  complexed  to  ATP,  but  the  ATP  will  not  be  saturated  with  metal  ions  Although 
there  is  excellent  thermodynamic  evidence  that  an  intragranular  complex  is  formed 
within  the  chromaffin  granule,  there  are  no  data  on  the  kinetics  of  the  process,  which 
could  be  an  interesting  physiologic  question.  It  is  conceivable,  for  example,  that  after 
release  this  intragranular  complex  could  diffuse  away  from  the  plasma  membrane  as 
a  complex  protecting  one  or  several  of  the  constituents  from  membrane-bound  deg* 
radative  enzymes  In  nerve  or  neuromuscular  junction,  because  of  the  speed  of  chemical 
transmission,  a  delaj  of  even  I  msec  in  the  delivery  of  an  unknown  constituent  may 
have  important  physiologic  implications. 


PART  V.  METABOLISM  AND  UTIUZATION  OF  EXTRACELLUUR  ATP  BY 
ECTOENZYMES 
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INTRODUCTION 


Extracellular  adenine  nucleotides  can  be  sequentially  hydrolyzed  to  yield  adenosine 
by  ectoenzymes  found  on  many  cell  types.'  Because  the  extent  of  phosphorylation  can 
profoundly  modify  the  physiologic  effects  of  extracellular  adenine  nucleotides,  we 
thought  It  highly  likely  that  the  regulation  of  the  time  course  of  their  hydrolysis  would 
be  complex  and  would  be  tuned  to  serve  different  purposes  in  diff'erent  locations. 
Regulation  of  the  rates  of  nucleotide  hydrolysis,  together  with  an  array  of  celNspecific 
responses  lo  adenine  nucleotides  and  adenosine,  provides  a  nch  network  of  regulatory 
elements  with  which  to  integrate  the  time  course  of  cell  and  tissue  response  dunng 
ensis  or  signaling  We  have  investigated  the  whole  time  course  of  hydrolysis  of  ATP, 
ADP,  and  AMP  by  cultured  endothelial  cells  and  smooth  muscle  cells  from  pig 
aorta.* '  Cells  were  grown  attached  to  polystyrene  beads  Cell-coated  beads  were  loaded 
into  chromatography  columns,  and  substrates  were  perfused  over  them  (Fig  1).  In 
single-pass  perfusion,  this  gives  an  incubation  volume-to-cell-surface  ratio  close  to  that 
observed  in  intact  issue  When  substrates  are  recirculatwl  over  the  cells,  the  volume- 
to-surface  ratio  is  comparable  to  that  found  at  the  surface  of  large  blood  vessels  We 
found  that  endothelial  cells  and  smooth  muscle  cells  differ  stnkingly  in  their  means 
of  regulation  of  the  rate  of  adenosine  appearance  from  ATP  or  ADP 


**Thi$  work  was  supported  by  Grants  HL  31$S4  and  HL  3S130  from  the  National  Institutes 
of  Health 

*  Present  address  Department  of  Neurological  Surgery,  Harborvicw  Medical  Center,  Seattle, 
Washington  981(M 
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Figure  2  shows  a  charactenstic  time  course  of  change  m  nucleotide  and  adenosine 
concentrations  observed  during  hydrolysis  of  a  bolus  of  ATP  by  endothelial  cells. 
Substrate  (0.68  ml  of  250  /iM  ATP)  was  recirculated  over  columns  and  aliquots 
withdrawn  from  the  reservoir  at  different  times  for  analysis.  Columns  containing 
different  numbers  of  cells  were  tested.  The  figure  shows  that  the  time  course  of 
hydrolysis  was  proportional  to  cell  number,  as  would  be  expected  if  the  extent  of 
reaction  at  any  time  were  simply  the  sum  of  the  contributions  of  all  the  celts  present. 
This  control  establishes  that  each  reaction  is  at  apparent  steady  state  throughout  the 
time  course  observed.  It  also  shows  that  the  column  is  functioning  as  a  differential 
reacton  is>  the  extent  of  reaction  dunng  each  pass  of  substrate  across  the  column 
is  small  enough  that  reaction  rate  is  constant  within  experimental  error  across  the 


FIGURE  1.  Schematic  of  expenmental  arrangement  for  using 
cells  on  beads  for  kinetics  expenments.  Cells  are  grown  attached 
to  polystyrene  beads  as  desenbed  m  references  2  and  3  Repro¬ 
duced  from  reference  18  with  permission 


column.  Under  these  conditions,  the  time  course  of  events  in  the  reservoir  reflects  the 
effect  of  enzymic  reaction  on  the  whole  bulk  phase 

It  was  known  from  work  with  the  punfled  enzyme,*’  and  from  initial  velocity 
studies  with  cultured  vascular  cells,*  that  5'-nucIeotida$e  is  inhibited  by  ADP  and, 
less  potently,  by  ATP.  We  predicted  that  feed-forward  inhibition  of  AMP  hydrolysis 
by  ADP  and  ATP  would  play  a  major  role  m  regulating  the  supply  of  adenosine  from 
ATP  at  cell  surfaces.  This  prediction  was  borne  out  m  work  with  endothelial  cells 
Nearly  all  the  initial  bolus  of  nucleotide  accumulates  as  AMP,  and  significant  hy¬ 
drolysis  of  AMP  begins  only  after  removal  of  ATP  and  ADP  is  nearly  complete 
(Fig  2) 

Feed-forward  inhibition  also  predicts  that  under  some  conditions  the  rate  of  ap¬ 
pearance  of  end  product  will  depend  inversely  on  the  concentration  of  starting  matenal. 
Figure  3  shows  the  rate  of  adenosine  appearance  from  ATP,  ADP,  or  AMP  as  initial 
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FIGURE  2,  Time  course  of  ATP  hy-  ^ 
drolysis  by  endothelial  cells  ATP  at  ^ 
250  was  recirculated  over  columns  2 
containing0  07ml(#)or0 18ml(0^  ^ 

of  cell-covered  beads.  Cell  density  10‘  "S 

cells/0  1  ml.  Column  volume  is  pro-  c 
portional  to  cell  number.  AMP  metab-  H 
olites  include  adenosine,  inosine,  and  ^ 
hypoxanthine  Adenosine  was  greater 
than  70%  of  AMP  metabolites  at  all 
times  shown  Reproduced  from  refer¬ 
ence  2  with  permission 


Time  X  column  voluf’"  <min  x  ml) 


substrate,  with  each  substrate  tested  at  100  or  500  concentrations  that  may  be 
easily  reached  in  the  immediate  environment  of  a  forming  thrombus^  The  rate  of 
adenosine  production  is  slightly  greater  from  500  AMP  as  initial  substrate  than 
from  100  AMP,  as  would  be  predicted  from  the  apparent  of  endothelial  5'* 
nucleotidase  for  AMP  (28  ±  I?  ftM).*  When  either  ADP  or  ATP  is  used  as  initial 
substrate,  the  rate  of  appearance  of  adenosine  is  substantially  less  at  a  starting  con¬ 
centration  of  500  than  it  is  at  100  ;tM.  This  relationship  (faster  initial  production 
of  adenosine  at  lower  initial  ATP  or  ADP  concentration^)  held  for  seven  experiments 
done  with  four  different  cell  lines,  within  a  concentration  range  from  100  to  1000 
;tM. 

Simulation  ot  nucleotide  hydrolysis  and  fitting  simulated  to  observed  time  courses 
were  undertaken  to  estimate  the  values  of  the  kinetic  parameters  governing  the  progress 


FIGURE  3.  Appearance  of  adenosine  as  a  function  of  initial  substrate  concentration  on  en¬ 
dothelial  cells  ^ch  panel  shows  the  results  obtained  with  a  different  initial  substrate  Open 
symbols  initial  concentration  100  ftM  Closed  symbols  initial  concentration  500  pM  Column 
volumes  used  Q  and  Q,  020;  ■,  022,  and  #,  028  Reproduced  from  reference  2  with 
permission 
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of  the  overall  conversion  of  ATP  to  adenosine  Simulation  and  fitting  were  also  used 
to  assess  the  impact  of  feed-forward  inhibition  in  governing  the  rate  of  adenosine 
appearance.  Each  of  the  time  courses  of  disappearance  of  ATP,  ADP,  or  AMP  as 
initial  substrate  fitted  well  to  the  assumption  of  Michaehs-Menten  kinetics,  and  the 
Kg,  values  observed  agreed  well  with  those  previously  estimated  by  initial  velocity 
measurements.*  ’  Figure  4  shows  a  comparison  of  simulated  and  observed  time  courses 
for  the  complete  hydrolysis  of  500  ATP  by  endothelial  cells  The  time  course  of 
appearance  and  disappearance  of  ADP  was  well  predicted  by  kinetic  parameters  found 
for  the  ATPase  and  ADPase  individually.  Fitting  the  time  courses  of  appearance  and 
disappearance  of  AMP,  and  of  appearance  of  adenosine,  required  the  assumption  of 
inhibition  of  5'-nucleotidasc  by  ADP  to  yield  values  of  for  AMP  like  those  observed 
when  AMP  was  the  initial  substrate.  In  addition,  simulation  of  the  behavior  shown 
in  Figure  3  required  the  assumption  of  inhibition  of  AMP  hydrolysis  by  ADP.  ATP 
is  also  known  to  inhibit  5'-nucleotidase  *  The  assumption  that  ATP  and  ADP  inhibited 


Time  X  col  vol  (mm xml) 


FIGURE  4.  Companson  of  simulated 
(solid  line)  and  observed  (dashed  line) 
time  courses  of  hydrolysis  of  500  ATP 
by  endothelial  cells  The  kinetic  model  as¬ 
sumed  competitive  inhibition  of  5'-nuclco* 
tida^  by  ADP  The  plot  shows  pomt-to- 
point  connections  of  the  times  for  which 
there  are  obse.ved  values  Reproduced 
from  reference  17  with  permission 


AMP  hydrolysis  also  led  to  good  agreement  between  simulated  and  observed  time 
courses,  but  did  not  improve  on  the  goodness  of  fit  obtained  with  ADP  alone  as  an 
inhibitor 

Simulation  and  data  fitting  also  permitted  u$  to  test  whether  any  of  the  reaction 
rates  were  affected  by  preferential  delivery  of  products  to  be  substrates  at  the  cell 
surface  When  enzymes  are  immobilized,  the  possibility  arises  that  local  concentrations 
may  be  different  from  those  m  the  bulk  phase  that  we  observe  (Fig  5)  If  delivery 
of  products  of  upstream  enzymes  to  be  substrates  for  downstream  ones  is  fast  compared 
to  the  rate  of  equilibration  of  (he  surface  and  bulk  phases,  the  effective  concentrations 
of  intermediate  metabolites  will  be  higher  than  the  bulk-phase  concentrations  as  long 
as  the  previous  reaction  is  the  pi  incipal  source  of  any  given  metabolite  We  can  predict 
that  the  apparent  K^  for  an  intermediate  such  as  ADP  obtained  by  fitting  the  time 
course  of  appearance  and  disappearance  of  that  intermediate  will  be  less  than  that 
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Hb  Hb  Hb  Hb 


FIGURE  5.  Tvtxoaparuncnt  rnodd  for  ATP  hydrolysis  at  cell  surfaces.  Abbreviations:  b, 
bulk;  s,  surface;  A;  and  the  first*ordcr  rate  constants  for  transfer  from  the  bulk  and  the  surface 
phases,  respecti^-dy.  R^roduced  from  reference  10  with  pambsion. 


observed  when  the  compound  is  used  as  initial  substrate.  Table  1  shows  that  the 
values  observed  for  endothelial  ADPase  and  5*nuc1eotida$e  when  their  substrates 
were  produced  from  preceding  reactions  were  not  significantly  different  from  those 
observed  when  each  reactant  was  used  as  inittal  substrate. 

Kinetic  barriers  to  equilibration  of  the  bulk  and  surface  phases  can  also  lead  to 
inabiUty  to  fit  the  same  kinetic  parameteis  to  the  rising  and  falling  segments  of  the 
time  course  of  change  m  concentration  of  an  intermediate  metabolite.  While  the  change 
in  concentration  is  driven  by  production,  the  surface  concentration  will  be  higher 
than  the  bulk.  When  the  precursor  pool  is  exhausted,  the  surface  is  fed  by  diffusion 
back  from  the  bulk  phase,  and  surface  concentration  will  be  less  than  bulk.  In  fitting 
data  observed  with  endothelial  cells,  it  was  always  possible  to  obtain  kinetic  parameters 
that  predicted  the  rising  and  falling  segments  of  overall  time  courses  equ^y  well. 

Thus,  there  is  no  evidence  that  surface  effects  have  any  impact  on  the  regulation 
of  adenosine  production  on  cultured  aortic  endothelial  ^lls.  Feed^forward  iniiibition 
of  S'-nucIeotidase  plays  the  major  role  in  detennining  the  rate  of  appearance  of 
adenosine  from  ATP  or  ADP.  This  is  erident  both  from  the  accumulation  of  AMP 
dunng  ADP  or  ATP  hydrolysis,  even  though  the  efficiency  of  S'-nuclcotidase  is  greater 
than  that  of  ADPase,  and  from  the  inverse  depoidence  of  the  rate  of  adenosine 
appearance  from  ADP  or  ATP  upon  the  initial  concentration  of  substrate. 


TABLE  1.  Ectonucleotidase  Kinetic  Parameters  Ol^erved  on  Endothelial  Cells* 


Parameter 


Imtial 

Substrate 

(fiM) 

Faw 

(fmoi/oell) 

(mM) 

(fmol/cell) 

AMP 

21 

61 

ADP 

342 

10 

31 

5.6 

ATP 

354 

11 

27 

52 

*  Data  from  expenments  done  on  the  same  day  with  a  single  cell  batch  are  compared.  For 
each  nucleotide,  SCO  was  used  as  initial  substrate.  Repnnted  from  reference  2,  which  also 
contains  additional  experiments.  Strategics  for  filling  parameters  to  data  are  desenbed  in  detail 
in  references  10  and  17. 
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The  time  course  of  hydrolysis  of  500  fiM  ATP  by  arterial  smooth  muscle  cells  is 
compared  in  Figure  6  to  a  typical  endothelial  pattern.  The  two  cell  t>'pes  have  similar 
capacities  to  hjdrolyze  ATP  but  differ  stril^gly  in  their  rates  of  production  of 
adenosine.  TliC  immediate  and  rapid  production  of  adenosine  from  AIT  by  smooth 
muscle  cells  was  unexpected  because  5'-nucieotidase  on  smooth  muscle  is  known  to 


FIGURE  6.  Companson  of  time  course  of  h>drolysis  of  500  p?  ATP  by  endothelial  cells 
(dashed  line)  and  smooth  muscle  cells  (symbob  and  solid  tine)  Tt  mdolhelial  cell  data  nere 
taken  in  expenments  with  t«o  columns  of  packed  beads.  One  •  nad  0  1  hml  beads,  and 
the  other  had  030-ml  beads  The  smooth  muscle  cell  data  weiv  .^bo  taken  from  expenments 
with  two  different  columns  0. 0  lO-ml  beads,  #,  0  20*ml  beads  "  'oduced  from  reference  3 
with  permission 


be  inhiblicd  by  ADP,  as  it  is  on  other  cell  types.^’  Figuri  7  shows  a  test  of  the 
relationship  between  rate  of  adenosine  production  from  ATI  and  initial  ATP  con* 
centration  Production  of  adenosine  was  lower  at  1(XX)  pM  initial  ATP  than  at  500 
pM  but  higher  at  500  pM  than  at  100  pM.  In  two  other  ex|vnments,  the  rate  of 
adenosine  production  from  ATP  was  the  same  for  starting  concentrations  from  250 
pM  to  750  pM.  Four  out  of  seven  expenments  done  with  different  cell  batches  gave 
patterns  in  which  production  of  adenosine  was  slower  at  higher  miiial  ATP  concen* 
trations,  over  the  range  1(X)-1(X)0  pM  initial  ATP.  We  separately  determined  that  all 
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of  the  activity  for  hydrolysis  of  AMP  on  smooth  muscle  cells  is  inhibited  by  the  a,i8- 
methyloie  analogue  of  ADP  (not  shonm).  This  suggests  that  feed-forward  inhibition 
plays  a  rcle  on  smooth  muscle  cells  in  regulating  the  rate  of  adenosine  production 
from  ATP,  but  it  has  less  impact,  and  the  effect  is  more  variable  from  cell  line  to  cell 
lin^  than  on  endothelial  cells. 

To  help  consider  possible  explanations  for  the  variability  from  cell  line  to  cell  line, 
the  kinetic  equation  for  competitive  inhibition  is  reviewed  in  Figure  8.  It  is  convenient 
to  define  the  term  M,  the  modulator  of  observed  velocity,  containing  the  substrate 
and  inhibitor  concentrations  and  thrir  respective  kinetic  constants.  At  constant  M, 
the  velocity  will  be  constant.  If  [S]  and  (/]  both  change  so  that  A(S]  =  ( 1  /MYK^/ 
Ar,)A[/].  velocity  will  not  change.  Greater  changes  in  [5]  rdative  to  [7]  will  le^  to 
increased  velocities,  and  greater  changes  in  [/]  will  lead  to  decreased  velocities.  Smooth 
muscle  cells,  unlike  endothelial  cells,  appear  to  be  poised  so  that  small  changes  in  the 
relative  rates  of  production  of  AMP  and  ADP  iter  whether  or  not  feed-forward 


FIGURE  7.  Hydrobsis  of  different 
uiltial  concentrations  of  ATP  by 
smooth  muscle  cells  (020-ml  col¬ 
umn).  Initial  ATP  concentrations  X. 
100  liM;  O.  500  fiM;  1000  ^M. 


inhibition  is  manifested  by  an  inverse  dependence  of  rate  of  adenosine  appearance  on 
initial  ATP.  Smooth  muscle  cells  do  manifest  greater  variability  from  cell  line  to  cell 
line  in  relative  activities  of  each  nucleotidase  than  do  endothelial  cells. 

With  smooth  muscle  cells,  again  unlike  endothelial  cells,  the  kinetic  parameters 
for  ADPase  and  S'-nucleotidase  estimated  from  progress-of-reaction  curves  in  which 
ADP  or  AMP  were  intermediates  were  very  different  from  those  found  when  either 
compound  was  the  initial  substrate  (Table  2).  The  apparent  for  ADP  when  it 
is  the  product  of  ATP  hydrolysis  is  very  much  less  than  when  it  is  the  initial  substrate, 
suggesting  that  when  ADP  is  produced  at  the  ceil  surface,  the  ADPase  is  operating 
at  or  near  its  maximum  velocity  over  the  whole  time  course  observed.  The  apparent 
for  AMP  is  less  when  it  is  produced  from  ADP  than  when  it  is  the  initial  substrate, 
and  lower  still  when  it  is  produced  from  substrate  supplied  one  step  further  upstream, 
as  ATP.  Similarly,  ADP  appears  to  be  more  effective  as  an  inhibitor  when  it  is  supplied 
at  the  surface  from  ATP  hydrolysis  than  when  it  is  supplied  from  the  bulk  phase. 
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ATP  — ^  AOP  — ^  AMP  Adenosine 


M 


FIGURE  8.  Rebtionship  of  ehan^g  substrate 
and  inhibitor  concentrations  to  velocity  of  com* 
pedti«*ely  inhibited  engine. 


For  constont  M . 

^[s]  = 


Changes  in  bulk  and  surface  concentrations  of  a  two<ompartment  model  like  that 
shouTt  in  Figure  5  were  simulated  assuming  300  ATP  initially  in  the  bulk  phase* 
and  a  surface  phase  volume  5%  of  the  total  volume.  Kinetic  parameters  for  the 
reactions  in  the  surface  compartment  were  chosen  to  yield  a  pattern  in  the  bulk  phase 
similar  to  those  observed  with  smooth  muscle  cells.  The  first-order  constants  for 
transfer  of  each  compound  to  and  from  the  surface  were  assumed  to  be  equal  to  each 
other.  The  time  course  of  change  in  nucleotide  and  adenosine  concentrations  predicted 
by  this  model  are  shown  in  Figure  9  for  ATP  as  initial  substrate  (9a*d)*  ADP  as 
initial  substrate  (9e*g),  and  AMP  as  initial  substrate  (90>  In  each  case,  the  surface 
concentration  of  the  initial  substmte  is  consistently  less  than  the  bulk  concentration, 
and  the  converse  is  true  of  the  final  product.  For  intermediate  compounds,  the  surface 
concentration  is  higher  than  the  bulk  concentration  initially,  and  the  situation  reverses 
as  precursor  diminishes  and  back  transfer  from  the  bulk  phase  becomes  the  dominant 
source  of  supply. 

Kinetic  parameters  were  estimated  from  the  changing  bulk  phase  concentrations 
observed  in  the  simulation  shown  in  Figure  9,  fitted  to  a  one-compartment  model. 
The  apparent  kinetic  parameters  are  shovra  in  Table  3,  together  with  the  parameters 
used  for  the  two-compartment  simulation.  The  relationships  among  the  estimated 
parameters  are  like  those  observed  with  smooth  muscle  cells  (The  actual  values  are 
not  identical  to  any  observed  set  because  we  have  not  yet  estimated  the  real  transfer 
constants  or  pool  sizes,  and  because  the  pattern  to  which  the  bulk  phase  was  matched 
was  based  on  average  properties  from  many  experiments  )  Two  properties  of  a  partially 
mass-transfer-limited  system  emerge  from  this  exercise  that  are  helpful  in  interpreting 


TABLE  2  Ectonucleotidase  Kinetic  Parameters  Observed  on  Smooth  Muscle  Ccll^ 


Initial 

Substrate 

Parameter 

(mM) 

Paw 

(fmoi/cell) 

(mM) 

(fmof/cell) 

K, 

(mM) 

AMP 

66 

39 

ADP 

151 

13 

IS 

12 

50 

ATP 

003 

6 

08 

8 

3 

*  Data  from  expenments  done  on  the  same  day  with  a  single  cell  batch  are  compared  For 
each  nucleotide,  500  was  used  as  initial  substrate.  Repnnted  from  reference  3,  which  also 
contains  additional  expenments 
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the  smooth  musde  data.  Hrst,  the  apparent  values  estimated  from  hydroly^  of 
initial  substrates  are  higher  than  the  ones  used  for  the  simulation,  and  the  discrqtan^ 
increases  svith  the  velocity  of  the  reaction.  Second,  the  kinetic  advantage  of  supply  at 
the  cell  surface  is  greater  the  farther  upstream  the  metabolite  used  as  initial  substrate. 
As  was  pointed  out  above,  we  also  anticipated  difficultly  in  fitting  the  same  kinetic 
parameters  across  the  whole  time  course  when  there  are  significant  surface  ^ects, 
and  this  was  observed  both  for  fitting  the  buik*pbase  data  in  Figure  9  and  many  of 
the  smooth  muscle  data  sets.^'^  Although  the  sets  could  be  fitted  within  experimental 
error,  the  distribution  of  error  was  not  random  along  the  time  course  and  the  quality 
of  fit  could  be  improved  by  examining  shorter  segments  of  the  time  course. 


FIGURE  9.  Comparison  of  bulk-phase  and  surface-phase  concenlrations  in  the  two-compartment 
model  The  kinetic  parameters  uUd  for  simulation  were  as  follows  ^  0  7/mm; 

—  50,  —  10;  Aaqp  50,  =  7.5,  X^ur  “  20,  =  3(^  “  5*  Each  K  value 

IS  in  Each  V  value  is  in  nmol/mtn.  ADP  inhibit^}  AMP  hydrolysis  competitively.  The 
volume  of  the  surface  phase  was  5%  of  the  total  volume.  Total  volume  was  0  68  ml  The  initial 
concentration  of  substrate  was  300  in  the  bulk  phase  Data  are  shown  from  4  to  60  min, 
after  equilibration  of  the  net  nucleotide  concentration  between  the  phases  Panels  a-d:  ATP  was 
the  initial  substrate.  Panels  e-g:  ADP  was  the  initial  substrate  Panel  h  AMP  was  the  initial 
sub'trate.  Open  symbols  surface  concentrations  Closed  symbols-  bulk-phase  concentrations 
Reproduced  from  reference  10  with  permission 


Because  the  kinetic  parameters  of  the  individual  nucleotidases  fail  to  predict  the 
time  course  of  ATP  hydrolysis  on  smooth  muscle  cells,  we  can  unequivocally  rule 
out  a  simple  sequential  pathway  with  each  step  governed  independently  by  Michae- 
lis-Menten  kinetics,  with  or  without  inhibition  of  5'-nucleotidase.  Rather,  the  observed 
efficiencies  of  the  smooth  muscle  ADPase  and  S'^nucleotidase  are  very  much  greater 
when  their  substrates  are  supplied  from  upstream  reactions  than  when  they  are  supplied 
initially  from  the  bulk  phase  (Table  4)  Thus,  although  smooth  muscle  5'-nucieotida$e 
is  inhibited  by  ADP,  the  predominant  factor  governing  the  rale  of  production  of 
adenosine  from  ATP  or  ADP  is  preferential  delivery  of  intermediates  at  the  cell 
surface,  leading  to  very  efficient  production  of  adenosine  The  opposite  situation 
prevails  on  endothelial  cells,  on  which  there  is  no  evidence  of  surface  effects,  and  feed- 
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TABLE  3.  Apparent  Kinetic  Parameters  Estimated  from  the  Bulk-Phase 
Concentrations  of  the  Two-Compartment  Model* 


Initial 

Substrate 

Parameter 

A’aw 

a:. 

Values  Used  for  Sunulouon 

SO 

7.5 

20 

30 

5 

Values  Found  by  Fitting  to  the  Bulk  Phase 

AMP 

1550 

75 

ADP 

1S8 

62 

13 

42 

133 

ATP 

0001 

26 

2 

6.3 

3 

*  Fitted  values  were  obtained  by  optimizing  the  fit  of  the  one-compartment  model  to  the  bulk- 
phase  data  shown  in  Figure  9  Taken  from  reference  10 


forward  inhibition  leads  to  a  pronounced  lag  in  production  of  adenosine  from  ATP 
or  ADP. 

Endothelial  and  smooth  muscle  cells  also  dilTer  in  the  efficiency  of  their  further 
metabolism  of  extracellular  adenosine.  Although  in  endothelial  experiments  (like  those 
shown  in  Figs  2  &  3)  most  of  the  product  of  AMP  hydrolysis  appears  as  adenosine, 
by  late  time  points  up  to  20-30%  appears  as  inosine  plus  hypoxanthine.  This  is  a 
consequence  of  uptake  and  intracellular  metabolism,  and  it  can  be  completely  blocked 
by  dipyridamole.^  Adenosine  is  also  cleared  from  the  bloodstream  rapidly  by  blood 
cells  "  Smooth  muscle  cells  lack  the  high-affinity  adenosine  transport  system'^  and 
convert  very  little  of  the  adenosine  produced  extracellularly  to  downstream  metabolites 
(Fig  10).  Thus,  smooth  muscle  cells  exposed  to  ADP  or  ATP  are  poised  to  produce 
adenosine  rapidly  and  consume  it  slowly.  Endothelial  cells,  on  the  other  hand,  are 
poised  to  produce  adenosine  from  ATP  or  ADP  only  after  a  substantial  lag  time,  and 
both  they  and  blood  cells  will  tend  to  clear  it  from  the  circulation  rapidly 


DISCUSSION 


The  differences  m  regulation  of  nucleotide  hydrolysis  on  endothelial  and  smooth 
muscle  cells  prompt  a  consideration  of  the  different  ways  the  two  cell  types  may  use 


TABLE 4  Apparent  Efficiencies  of  Ectonucleotidases  {V/K) 


Efficiency 

(V/K) 


Enzyme  Endothelial  Cells  Smooth  Muscle  Cells 


By  Jniiial  Velocity 

ADPase  003  009 

AMPase  030  0  60 

At  500  ykM  ATP  as  Initial  Substrate 

ADPase  0  03  200 

AMPase  020  10 
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FIGURE  10.  Companson  of  the  extent  of  convemon  of  adenosine  to  do^'nstream  metabolites 
during  adenine  nucleotide  hydrolysis  Tbe  initial  substrate  in  each  case  was  SOO  ftM  ATP  The 
plot  shows  the  amount  of  inosine  and  hypoxantlune  formed  as  a  function  of  the  amount  of 
adenosine  present  in  the  extracellular  space.  O.  endothelial  cells^  ■.  smooth  muscle  cells 


this  pathway  to  integrate  the  responses  of  ndghboring  cells.  Smooth  muscle  cells  are 
expe^  to  extracellular  adentnc  nucleotides  pnncipally  dunng  neurotransmission 
(Fig  11)  The  multiple  roles  of  the  nucleotides  and  adenosine  in  this  context  are 
discussed  in  detail  m  other  papers  in  this  volume 

One  context  in  which  the  endothelial  cell  surface  is  exposed  transiently  to  high 
concentrations  of  ADP  and  ATP  is  during  platelet  thrombus  formation  (Fig.  12). 
The  combined  ATP  and  ADP  concentration  in  the  platelet  dense  granule  is  1  molar 


FIGURE  11.  The  place  of  smooth  muscle  ectonucleotidases  m  integration  of  signaling 
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Thus,  even  with  substantia]  dilution  of  the  granule  contents  upon  release,  nucleotide 
concentrations  in  the  high  micromolar  range  should  prevail  in  the  unstirred  region 
created  by  a  forming  thrombus.'^  ADP  is  proaggregatory  and  is  one  of  several  locally 
released  mediators  that  make  platelet  aggregation  autocatalytic.  Adenosine  is  antiag¬ 
gregatory  and  opposes  platelet  aggregation  regardless  of  the  initial  stimulus  by  causing 
a  rise  in  platelet  The  endothelial  ectonucleotidases  provide  a  mechanism  that 

maxiimzes  the  time  separation  between  pools  of  ADP  and  adenosine.  By  creating  a 
time  gap  proportional  to  the  initial  release  of  ATP  and  ADP  between  release  at  the 
site  of  a  forming  thrombus  and  the  generation  of  the  antiaggregatory  adenosine,  this 
mechanism  could  help  to  insure  that  the  extracellular  milieu  in  the  immediate  neigh¬ 
borhood  of  the  thrombus  remains  proaggregatory  for  a  sufficient  time  to  consolidate 
the  forming  thrombus,  while  rmnimizing  the  likelihood  it  will  spread  beyond  the  site 
of  damage  Marcus  et  at  have  recently  shown  that  hydrolysis  of  ADP  accounts  for 
a  significant  fraction  of  the  total  potential  of  endothelial  cells  to  oppose  platelet 
aggregation.’* 


(ilettleti 


ATP 

— 


A 

ocifvote*  inhibits 
”ATP  ♦  AOP*^ 


.  ADP  -*  AMP -^Adenosine 


FIGURE  12.  The  role  of  endolheltal  ectonucleotidases  dunng  platelet  activation 
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DISCUSSION  OF  THE  PAPER 


W,  R  Rice  {University  of  Cincinnati  Medical  Center,  Cincinnati.  OH)\  Linda, 
that  was  very  nice  work.  I  do  have  a  question  about  the  model  presented  for  smooth 
muscle  cells  in  which  ATP  potentiates  cAMP  generation  in  response  to  adenosine 
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Do  you  know  what  second  messenger  system  is  involved  m  the  ATP-induced  poten¬ 
tiation? 

Slakey:  No,  I  do  not  I  doubt  it  is  Ca^*.  To  do  the  experiments,  we  used  AOPCP 
to  block  conversion  of  ATP  to  adenosine,  and  the  controls  showed  that  AOPCP  did 
not  potentiate  the  response  to  adenosine  We  have  also  been  looking  at  Ca*^  transients 
in  these  cells,  and  ATP  and  AOPCP  cause  very  similar  responses,  so  I  think  it  is  not 
the  Ca^**^  nse  that  causes  the  potentiation. 

B  Walker:  I  wonder  if  you  have  considered  the  effect  of  flow  across  the  surface 
of  these  cells  Endothelial  cells  will  presumably  have  a  higher  relative  flow  rate  across 
their  surface. 

Slakey:  The  flow  rates  we  use  are  slow  compared  to  those  expected  in  large  blood 
vessels.  I  think  the  physiologic  context  in  which  the  kinetic  pattern  I  presented  (initial 
substrate  concentrations  in  the  high  micromolar  range)  is  probably  most  relevant  is 
the  environment  of  a  forming  thrombus,  which  will  create  a  relatively  stagnant  pool 
around  itself. 

J.  Barankiewicz  {Gensia  Pharmaceuticals,  San  Diego,  CA)-  In  your  systems, 
adenosine  is  the  end  product  of  extracellular  ATP  degradation.  Did  you  And  any 
inosine  and  hypoxanthine  produced  from  extracellular  ATP?  If  yes,  what  was  the 
proportion  between  adenosine,  inosme,  and  hypoxanthine?  Does  this  ratio  depend  on 
the  initial  concentrations  of  exogenous  ATP? 

Slakey.  Inosme  and  hypoxanthine  arc  produced  from  extracellular  adenosine  by 
both  endothelial  cells  and  smooth  muscle  cells,  but  with  very  different  efliciencies  In 
the  endothelial  time  course  shown,  about  20%  of  the  AMP  metabolites  were  inosme 
and  hypoxanthine  at  the  end  of  the  experiment  In  the  smooth  muscle  expenment 
shown,  they  were  less  than  2%  Endothelial  conversion  of  adenosine  to  inosine  and 
hypoxanthine  is  totally  blocked  by  dipyridamol.  Smooth  muscle  cells  lack  the  high- 
affinity,  dipyndamol-sensitive  adenosine  transport  systems.  We  have  not  asked  how 
conversion  to  adenosine  metabolites  depends  on  initial  ATP  concentration 
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INTRODUCTION 


Although  nucleotide  degradation  ectoenzymes  were  hrst  described  in  1948,'  these 
enzymes  received  relatively  little  attention  b^usc  of  the  difficulty  in  distinguishing 
between  ectoenzyme  activities  per  se  and  enzyme  activities  derived  from  the  interior 
of  broken  cells  in  an  experimental  preparation.  In  addition,  nucleotides  were  attributed 
only  to  the  intracellular  space,  where  they  are  bio$>nthe$ized  and  accumulate,  bordered 
by  the  plasma  membrane,  which,  in  general,  prevents  nucleotides  from  escaping  into 
the  extracellular  environment.  Over  the  last  decade,  however,  the  occurrence  of  ec- 
tonucleotidases,  and  extracellular  ATP,  especially  in  endothelial  cells,  smooth  muscle 
cells,  platelets,  and  mast  cells,  has  been  well  established  and  has  been  met  with  great 
interest  (for  recent  reviews  see  references  2  and  3)  De  Pierre  and  Kamovsky  were 
the  first  who  undertook  the  detailed  study  of  ectonucleotidascs  m  immune  system 
cells  (guinea  pig  polymorphonuclear  leukocytes).*^  Although  some  cells  in  the  immune 
system  readily  metabolize  ATP  extracellularly  (Fig.  1 ).  other  immune  cells  have  little 
or  no  ectonucleotidase  activity.*^  Later  it  was  found  that  nucleotides  can  be  released 
from  lymphocytes  and  that  the  extracellular  action  of  these  nucleotides  can  result  in 
immunomodulation.^ 


EXPERIMENTAL  APPROACHES 


Cells  of  the  immune  system,  because  they  represent  free-floating  cells,  may  be 
obtained  for  in  vitro  study  without  impairing  the  cell  surface— as  compared  with  cells 
from  solid  tissues,  which  must  be  isolated  by  collagenase  or  trypsin  treatment.  If 
prepared  gently,  rapidly,  and  in  optimal  metabolic  conditions  (with  glucose  and 
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oxygen),  immune  cells  have  minimal  plasma  membrane  damage  The  expenmental 
problem  that  occurs  is  related  to  the  use  of  serum  that  is  added  to  the  growth  medium 
Fetal  calf  serum,  even  if  heat  inactivated  (56  *C,  60  min),  contains  significant  activities 
of  several  purine  enzymes,  including  adenc^ine  deaminase  and  purine  nucleoside 
phosphorylase.  Although  activities  that  are  able  to  degrade  ATP  are  relatively  low  m 
growth  medium  (RPMI)  containing  10%  heat*inactivated  fetal  calf  serum,  they  can 
still  contribute  to  degradation  of  ATP  (500  ^M)  up  to  10%  m  a  60>min  incubation 
(J.  Baranluewicz,  unpublished  observations).  On  the  other  hand,  lymphocytes  or 
lymphoblasts  tend  to  become  leaky  or  to  lyse  entirely  when  incubated  or  even  washed 
in  the  absence  of  protein.’  To  overcome  these  problems,  most  ectometabohc  studies 
with  lymphocytes  should  be  done  with  short  incubation  periods,  no  longer  than  60 
min,  and  should  be  carried  out  in  media  without  fetal  calf  serum  or  in  the  presence 
of  5%  highly  punfied  bovine  serum  albumin. 

Common  methods  for  evaluating  lymphocyte  integnty  include  the  determination 
of  lactate  dehydrogenase  or  pyruvate  kinase  activities  (Sigma  KITS)  in  extracellular 
medium  and  the  trypan  blue  dye  exclusion  method.'*^  If  approached  carefully,  lym* 


FIGURE  1.  Extracellular  and  intra¬ 
cellular  ATP  degradation  m  B  lym¬ 
phocytes.  ^Extracellular  enzymes:  1  * 
ecto*ATPasc;  2:  eclo-ADPase,  3 
ecto-AMPase  (cclo*5’*nuclcotidase). 
Intracellular  enzymes  4  ATPasc;  5. 
ADPase,  6*  cytosolic  AMP‘5'»nucleo* 
tidase,  7‘  AMP  deaminase;  8:  aden¬ 
osine  deaminase  (ADA),  9.  cytosolic 
IMP*5'-nucleotidase,  10  punne  nu¬ 
cleoside  phosphorylase  (PNP) 


phocytes  and  lymphoblasts  sustain  cell  breakage  of  only  a  few  percent  under  exper¬ 
imental  manipulation. 

The  most  convenient  method  for  analyzing  radioactive  products  of  extracellular 
labeled  ATP  metabolism  is  thin-layer  chromatography  (TLC).  All  purine  nucleotides 
present  in  extracellular  medium  or  cell  extracts  can  ^  separated  using  polyethyl- 
eneimine  (PEI)*cellulo$e  TLC."  Nucleosides  and  bases  formed  extracellularly  or 
released  into  the  medium  can  be  separatMl  using  Kodak  cellulose  TLC."  Alternatively, 
HPLC  analysis  of  purines  can  also  be  used. 


EXTRACELLULAR  ATP  METABOLISM 


Many  immune  system  cells  contain  active  ecto-ATPasc,  ecto-AMPase,  and  ecto- 
p-nitrophenylphosphatase.  Activities  of  these  ectoenzymes  were  first  demonstrated  in 
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guinea  {ng  poljinorpbontsdeaf  kukocytes.^  Later,  it  was  found  that  the  highly  acth'e 
ectonudeotidases  «'ere  present  tn  other  immune  cells,  indoding  B  lympbooies  and 
ether  cdls  of  B  lineage,  as  wdl  as  ma^^phages,  eosinoph^k.  and  granulocjies.  Ecto* 
ATPase  has  been  diflerentiated  from  Na\  K^'Stimulated  ATPase  present  in  the 
plasma  membrane,’  and  madeed  diflerecces  in  the  activities  of  ecto*AlPase  and  ecto* 
AMPase  «ere  obsened  in  many  cdk.* 

The  high  ability  of  B  cdls  to  degrade  extraceUoIar  ATP  has  been  reported^’  for 
peripheral  blood  B  l>‘mphocytcs,  34L83C  B  lymphoblasts,  tonsil  B  lymphoblasts,  HSC- 
3  B  lymphoblasts,  B  lymphoblasts,  and  B  lymphoma  cdls.  Recent  saidies  using 
WI*L2  B  lymphobli^  (Fic.  2)  showed  that  exogenous  ATP  is  rapidly  degraded  by 
these  cells  da  ADP  to  AMP,  «hich  accumulates  extracdlularly.  Other  products  of 
extracdlular  ATP  d^radation  that  also  accumulate  in  the  medium  include  hypoxan- 
thin^  inorine,  and  adenosine  (Fig.  2).  Inorine  and  hypoxanthine  seem  to  be  pr^uced 
by  B  cdls  intracdlulariy  because  tfadr  formation  is  r^uced  in  the  presence  of  dipyT- 
idamole  (50  pM),  a  nucleoride  transport  inhibitor*  Ectonudeotidases  of  tonsilar  B 
lymphocytes  activdy  degnde  not  only  ATP,  but  also  GTP  and  deoxyribonucleoside 
triphosphates  (dATP,  dGTP,  dCTP)‘ 

Catabolism  of  extracdlular  ATP  by  rat  ^anuloQ*tes  uas  similar  to  that  in  rat 
peripheral  blood  lymphocytes  (Fig.  3);  during  ATP  degradation,  transient  extracel¬ 
lular  AMP  accumulation  wzs  also  obscA'ed.  Hypoxanthine,  inosine,  and  adenosine 
were  also  found  as  the  products  of  extracellular  ATP  degradation,  and,  as  in  the  B 
lymphocytes,  inosine  and  hypoxanthine  are  probably  formed  intracdlularly. 

Macrophages  of  the  J774  cell  line*  and  of  guinea  pig  peritoneum’*  have  also  been 
reported  to  be  able  to  degrade  extracellular  ATP.  Ecto-AMPasc  activity  has  been 
studied  in  difierent  macrophage  states  and  found  to  be  highest  in  resident  cells,  lower 
in  activated  cells,  and  very  low  in  didted  cells.’* 

Among  ectonucleotida^  in  the  immune  system,  the  most  raensively  studied  has 
been  ecto-S'-nucleotidase  (ccto-S'-NTXccto-AMPasc).  Ecto-S'-NT,'*’**  which  exists 
beside  cytoplasmic  5'-NT”  in  many  human  cells,  has  been  cytochemically  localized 
on  the  lymphocyte  surface  and  has  been  found  to  be  capable  of  dephosphorylating 
both  nbonuclootides  and  deoxyribonucleotides  outside  of  the  cells.’*'”  It  has  been 
clearly  shown  that  plasma  membrane  5'-NT  hydrolyzes  only  extracellular  substrate 
and  does  not  participate  in  intracellular  degradation  of  AMP.”’**  All  B  cells,  except 
B  lymphoma  cells,  express  active  ecto-S'-NT;  however,  its  activity  in  human  lymph¬ 
oblasts  is  markedly  lower  in  comparison  with  the  activities  of  ecto-ATPase  or  eclo- 
ADPase,*  Actirity  of  ecto-5'-NT  showed  much  higher  activity  m  human  B  lymphocytes 
than  in  T  lymphocytes,*'  although  cytosolic  5'-NT  has  been  similar  in  both  T  and  B 
lymphocytes.  Reduced  activity  of  ccto-5'-NT  was  observed  in  lymphocytes  from  pa¬ 
tients  with  common  variable  immunodehdency,  congenital  X-Imked  agammaglobu¬ 
linemia,  and  severe  combined  immunodcfidency.**'** 

Whereas  the  existence  of  ectonudeotidases  in  B  cells  is  well  established,  the  pres¬ 
ence  or  absence  of  ectonudeotidases  in  T  cells  is  still  controversial.  It  has  been  reported 
that  human  T  cells,  in  contrast  to  human  B  cells,  have  no  or  very  low  activity  of 
ectonudeotidases**  Human  thymocytes,  human  T  penpheral  bloi^  lymphocytes, 
Molt-3  T  lymphoblasts,  Jurkat  T  lymphoblasts,  HSB-2  T  lymphoblasts,  CEM  T 
lymphoblasts,  T4  lymphoblasts,  and  Sup  T,  lymphoblasts,  as  well  as  non-B  non-T 
lymphocytes  from  ALL  and  AML  patients,  have  low  or  no  abilities  to  degrade 
extracellular  ATP  Exogenous  ATP  degradation  in  T  lymphoblasts  is  very  slow,  and 
practically  no  inosine,  hypoxanthine,  or  adenosine  can  be  detected.  The  slow  degra¬ 
dation  of  exogenous  ATP  may  result  from  endonucleotidases  denved  from  broken 
cells  as  well  as  from  ectonudeotidases  on  cell  surfaces,  but  more  detailed  studies  are 
needed  to  resolve  this  issue 
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Although  our  studies  sho^'cd  pnctkahy  no  ectonudeotidase  is  different  T  cdJ 
populatiODS.*  there  are  reports  of  ecto>ATPase  and  ecto-AMPase  activities  fou»}  ir 
rat  thymocytes”  and  motsse  thymocytes.”  Ecto>ATPase  activity  in  rats  was  signifi* 
cantly  (S-fold)  higher  than  that  in  mice.”  A  comparison  of  T  and  B  lymphocytes 
from  human  blood,  separated  by  two  different  methods,  showed  significantly  tugher 
ecto-ATPase  activity  in  B  lymphocytes  than  in  T  lymphoQtcs.”  T  cells,  however, 
showed  measurable  activity  of  this  enz>me.” 


TIME  (MIN) 

FIGURE  2.  Extracellular  ATP  degradation  by  human  B  l^phoblasts.  Human  B  lymphoblasts 
(WI>L2)  (I  X  10*  celh/0 1  ml  RPMl  without  fetal  calf  serum)  were  incubated  with  2  pQ  of 
[8>'*C]ATP  (500  pM  initial  concentration)  for  60  min  After  the  cells  were  incubat^  and 
centnfuged,  thindayer  chromatography  u-as  used  lo  analyze  nucleotides  (A)  and  nucleosides 
and  bases  (B)  according  to  the  method  of  Henderson  et  oL** 


Activities  of  ecto-ATPase  in  unseparated  human  thymocytes  are  very  low  or 
nonexistent  (Fig.  4).  When  human  thymocytes  are  separated  into  large  and  small 
thymocyte  subpopulations,  however,  large  thymocytes— in  contrast  to  nonactive  small 
thymocytes— express  low  activity  of  eclo-ATTasc  (FiG.  5) 

It  has  also  b^n  reported  that  isolated  mouse  spleen  lymphocytes  hydrolyze  UDP- 
galactose  by  ectonucleotide  pyrophosphatase.'^’  Ability  to  degrade  ATP  was  not  found 
on  rat  (Fig.  3)  or  human  (J  Barankiewicz,  unpublished  observations)  red  blood  cells 
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TIME  (MIN) 

FIGURE  3.  Extracellular  ATP  degradation  by  rat  penpheral  blood  lymphocytes  (A  A  B), 
granulocytes  (C  A  D),  and  red  blood  cells  (E  A  F)  Ctlls  (1  X  10*  cells/0 1  ml  of  RPMI 
without  fetal  calf  serum)  were  incubated  with  2  fiCt  of  (8''*CJATP  for  60  min.  After  the  cells 
were  incubated  and  centrifuged,  tliin-layer  chromatography  was  used  to  analyze  nucleotides  (A, 
C  &  E)  and  nucleosides  and  bases  (B,  D  &  F)  according  to  method  of  Henderson  e/  oi" 


>*C  NUCLEOSIDES  (CPM  X  10V10*  CELLS) 
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ECTONUCLEOTIDASE  ACnVITY  IN  LYMPHOCYTE 
DZFFERQOIATION 


The  activities  of  ecto-ATPase,  ecto-ADPase*  and  ccto-AMPase  (cctO'S'-NT) 
diaoge  during  B  cell  ontogeny.^*^  Actirides  of  ec*o>ATPase  and  ecto-ADPase  in 
these  cells  in^ease  continuously  during  matufation  and  readi  maximum  actirities  in 
the  final  stage.*  Conversely,  the  activity  of  ecto>AMPa$e  has  been  reported  to  increase 


0  20  40  60  SO 


TIME  (MIN) 

FIGURE  4.  Extracellular  ATP  degradation  by  human  thymocytes  For  details  see  Figure  2 

from  early  B  stage  to  reach  maximum  in  late,  pre-B  cells,  and  then  to  decline  in 
mature  B  cells  Other  studies  have  shown  that  the  activity  of  ecto*S'-NT  in  B  cell 
preparations  from  adult  peripheral  blood  lymphocytes  is  significantly  higher  than  that 
horn  cord  blood.’* 

Ecto*ATPasc”  and  the  ccto-5'-NT’**”  activities  have  also  been  reported  to  change 
during  ♦he  maturation  of  T  cells.  The  activity  of  ecto-5''NT  has  been  reported  to  be 
low  in  immature  T  cells,  thymocytes,  and  cord  blood  mononuclear  cells,  but  signifi¬ 
cantly  higher  in  mature  T  and  B  cells.  Thymic  denved  factors,  which  can  stimulate 


FIGURE  5.  Extracellular  ATP  degradation  by  human  subpopulations  of  thymocytes  Small 
intrathymic  (A)  and  large  (B)  thymocyte  subpopulations  { I  X  10^  cells/0 1  ml)  were  incubated 
with  1  pCi  of  [2  8>'*C]ATP  (500  >iM  miti^  concentration)  After  the  cells  were  incubated, 
thindayer  chromatography  was  us^  to  analyze  nucleotides  in  the  medium  according  to  the 
method  of  Henderson  et  o/," 


T  cell  differentiation,  increase  the  activity  of  ecto-S'-nucIeotidase  on  cultured  human 
thymocytes  ”  The  activity  of  ccto*ATPasc  in  mouse  thymocytes  has  been  reported  to 
be  lower  in  immature  than  in  mature  mouse  thymocytes  As  mentioned  before,  the 
activity  of  ecto-S'oNT  on  macrophages  is  lower  m  some  cell  states  than  in  others;  that 
is,  the  activity  on  resident  cells  (macrophages)  is  greater  than  that  on  activated  cells, 
which  in  turn  is  greater  than  that  on  elicited  cells 


MODULATION  OF  ECTONUCLEOTIDASE  ACTIVITY 


Very  little  is  known  regarding  what  factors  modulate  the  activity  of  ectonucleo- 
tidases  in  lymphocytes.  Ecto-ATPase  on  B  lymphocytes  was  found  to  be  stimulated 
by  Mg**  (Fig  6).  Stimulation  of  ccto-ATPasc  by  Mg**  and  was  also  reported 

for  human  peripheral  blood  lymphocytes  and  several  hematopoietic  ceil  lines.^*  Con- 
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canavalin  A  has  been  found  to  stimulate  lat  lymphocyte  ATPase^’*  but  also  to  inhibit 
ecto-5'-NT  from  pig  lymphoc^es.^'  Attempts  to  find  whether  ecto-S'-nucleotidase 
is  essential  for  the  stimulation  of  human  l^phocytes  showed  that  this  en^me  does 
not  act  as  a  mitogenic  receptor  for  lectins.^  On  the  other  hand«  extracellular  ATP, 
adenosine,  and  2>chIoroadenosine  have  beat  found  to  block  T  cell  mitogenesis  induced 
by  concanavalin  A  in  a  dose<lq)endent  fashion/* 


RELEASE  OF  ATP 


Release  of  ATP  or  other  nucleotides  from  the  intracellular  environment  to  extra* 
cellular  space  by  immune  system  cells  has  not  been  reported  up  to  now.  Although 
the  plasma  membrane  maintains  intracellular  nucleotide  levels,  it  has  been  reported 


M9CU  (pM) 

FIGURE  6.  Effect  of  Mg**  on  cxtnscellular  ATP  degradation  by  human  tonsilar  B  lymphocytes 
B  lymphocytes  (1  X  10*  ce!ls/01  ml)  were  incubated  with  {2  8*‘*C]ATP  (500  pM  initial 
concentration)  and  different  concentrations  of  MgCIj  After  the  cells  were  incubated,  thm<laycr 
chromatography  was  used  to  analyze  nucleotides  in  medium  according  to  the  method  of  Hen¬ 
derson  et  aL" 
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that  ATP  was  released  from  different  celb  (including  platelets,  neurons,  and  adroial 
medulla)  and  that  the  cells  remained  viable.'  Human  B  lymphoblasts  (WI*L2)  that 
were  preloaded  with  radioactive  ATP  and  subsequently  exposed  to  ischemic  conditions 
in  the  presence  of  a,/3*methylene  ADP,  an  ecto>S -NT  inhibitor,  accumulated  radio¬ 
active  AMP  in  the  culture  medium  (Fig.  7).  Simultaneously,  no  cell  impairment  for 
the  first  2  hr  of  ischonia  nas  obser\‘ed.  Since  eclonucleotida^  are  very  active  on  the 
surface  of  B  cells,  it  is  not  clear  whether  1)  ATP  was  released  from  these  cells  and 
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TIME  <HR) 

FIGURE  7.  Release  of  adenine  nucleotides  by  human  B  lymphoblasts  Human  B  lymphoblasts 
(WI-L2)  (20  X  10‘/2  ml)  were  first  incubated  for  1  hr  with  5  jiCi  of  [8-‘*CJadcninc  to  label 
intracellular  ATP  After  incubation,  unused  radioactive  adenine  was  washed  out  and  cells  were 
resuspended  in  gluco$e>free  RPMI  medium  and  incubated  under  argon  atmosphere  with  a,/3- 
methylene  ADP  After  the  cells  were  incubated,  thm-Iayer  chromatography  was  used  to  analyze 
the  medium  for  radioactive  nucleotides  The  medium  was  also  analyzed  according  to  the  tr>’pan 
blue  exclusion  method  There  was  no  measurable  activity  of  lactate  dehydrogenase  in  the 
medium  for  up  to  S  hr,  and  no  cell  death  was  observed  for  up  to  3  hr 


degraded  to  AMP  or  2)  AMP  was  accumulated  intracellularly  dunng  the  ischemic 
condition  and  directly  released.  No  information  is  available  at  present  regarding  the 
release  of  nucleotides  from  other  immune  cells.  (An  important  source  cf  extracellular 
nucleotides  can  be  the  thymus,  where  nucleotides  can  be  released  in  large  amounts 
after  thymocyte  death.)  Also,  there  are  currently  no  data  available  regarding  the 
possibility  that  extracellular  ATP  might  be  incoiporated  by  lymphocytes,  although 
this  phenomenon  has  been  reported  for  several  other  cells.** 
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EFFECTS  OF  EXTRACELLULAR  ATP  ON  CELLS  OF  THE 
IMMUNE  SYSTEM 


High  concratrations  of  ATP  stimulate  in  vivo  DNA  synthesis  in  bone  marrow  and 
in  thymocytes.’’*”  In  contrast,  ATP  inhibits  DNA  synthesis  in  spleen,  lymph  nodes, 
and  peripheral  blood  lymphocytes  Extracellular  ATP  inhibits  the  activities  of 
natural  l^er  cells.*’”  At  micromolar  concentrations  ( i0>  100  /iM),  extracellular  ATP, 
but  not  GTP,  UTP,  or  CTP,  markedly  inhibits  neutrophil-mediated  cytotoxicity.” 
Other  adenosine  nucleotides,  AMP  and  ADP,  express  inhibitory  activity  similar  to 
that  of  ATP. 

Exogenous  ATP  has  been  found  to  cause  depolarization  of  polymorphonuclear 
phagocytes.”  In  the  mouse  macrophage  cdl  line,  J774,  extracellular  ATP  induces 
plasma  membrane  depolarization,  Na**  influx,  efflux,  and  an  increase  in  cytosolic 
free-Ca’*.’*  Ecto-ATPase  has  been  shown  not  to  mediate  the  cflect  of  ATP  on  J774 
cells,  and  ATP*“  rather  than  MgATP’"  has  been  shown  to  bind  to  the  receptor  on 
these  cells*  ATP*“  also  permeabilized  the  membrane  of  mouse  macrophages.”  Ex¬ 
ogenous  ATP  added  to  mice  thymocytes  increased  Ca’*  uptake  up  to  20-fold  without 
any  effect  on  cell  integrity.”  Since  Mg’*  is  essential  for  the  stimulation,  ATP  probably 
works  in  complex  with  Mg’*.  Other  nucleotides  including  deoxy-ATP  did  not  sig¬ 
nificantly  increase  Ca’*  uptake,  with  the  exception  of  GTP,  which  showed  moderate 
stimulation 

In  Friend  erythroleukemia  cells,  extracellular  ATP  ( 1  mM)  caused  changes  in  the 
permeability  to  ions  as  well  as  in  the  inhibition  of  cell  growth.”  Moreover,  in  chronic 
lymphocytic  leukemic  lymphocytes,  extracellular  ATP  increases  cation  permeability.” 
Although  ecto-ATP  produced  a  12-fold  increase  in  Na*  influx  in  these  lymphocytes, 
only  a  3.S-fold  increase  in  this  flux  has  been  ob$er\'ed  in  penpheral  blood  lymphocytes. 
In  recent  studies,  it  has  been  shown  that  extracellular  ATP  (0  3  mM),  and  to  a  lesser 
extent  ADP  were  highly  mitogenic  to  mature  medullary  thymocytes  in  combination 
with  phorbol  mynstatc  acetate.”  Since  adenosine  or  other  nucleotides  were  not  mi¬ 
togenic,  It  was  suggested  that  thymocytes  express  receptors  on  their  surface  specific 
for  ATP,  Such  receptors,  possibly  Pj  receptors,  could  be  involved  in  the  lymphocyte 
response  through  the  regulation  of  intracellular  free  Ca’*  levels. 

Certain  untransfonned  cells  with  a  secretory  function  respond  to  extracellular 
ATP.  The  most  extensive  studies  have  been  done  with  mast  cells.”  In  expenmenting 
with  B  cells,  we  have  not  been  able  to  show  any  changes  in  antibody  production  in 
the  presence  of  external  ATP  at  concentrations  op  to  500  ;aM  (J.  Barankiewicz, 
unpublished  observations). 


RELATIONSHIP  BETWEEN  EXTRACELLULAR  AND 
INTRACELLULAR  ATP  METABOLISM 


Since  intracellular  ATP  degradation  proceeds  exclusively  or  mainly  via  AMP 
deamination  in  lymphocytes,”  intracellular  ATP  catabolism  seems  to  be  a  poor  source 
of  adenosine.  In  contrast,  extracellular  ATP  degradation  proceeds  exclusively  via  AMP 
dephosphorylation  resulting  in  the  formation  of  significant  amounts  of  adenosine  as 
the  end  prc^uct.  Amounts  of  extracellularly  formed  a^’enosine  depend  on  the  con- 
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centration  of  exogenous  ATP,  the  activities  of  ectonucleotidases,  and  the  ability  of 
cells  to  utilize  adenosine  intracellularly. 

Adenosine  can  act  via  both  intracellular  and  extracellular  adenosine  receptors" 
and  can  regulate  various  lymphocyte  functions  through  the  activation  of  adenylate 
cyclase.*^  On  the  other  hand,  adenosine  can  easily  enter  B  and  T  cells  and  function 
as  a  substrate  for  nucleotide  synthesis/’  We  have  found  that  extracellular  ATP  can 
induce  degradation  of  prelabeled  intracellular  ATP  (I^G.  8).  Adenosine  produced 


TIME  (MIN) 

FIGURE  8.  Effect  of  extracellular  ATP  on  intracellular  ATP  in  human  B  lymphoblasts  Human 
B  lymphoblasts  (WI«L2)  (20  X  10  Vl  ml)  were  incubated  for  I  hr  with  5  ^iCiof(8''*C]adenmc 
Aher  incubation,  unused  radioactive  adenine  was  washed  out  and  cells  containing  intracellular 
radioactive  ATP  were  incubated  with  500  pM  extracellular  ATP.  Thindayer  chromatography 
was  used  to  analyze  radioactive  adenine  nucleotides  in  cell  extracts  and  nucleosides  and  bases 
m  medium  " 


extracellularly  may  also  affect  the  biosynthesis  of  punne  de  novo,  as  well  as  the  salvage 
of  adenosine,  hypoxanthine,  guanosine,  and  thymidine  in  both  B  and  T  lymphocytes 
The  activities  of  ectoenzymes  in  human  lymphoid  cells  (TOto*S'>NT)  are  sufficient  to 
produce  significant  amounts  of  punnes  required  for  rapidly  dividing  human  B  lymph¬ 
oblasts  or  mitogen-stimulrtcd  T  cclls.^**  It  is  still  unknown  whether  a  regulatory 
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relationship  exists  between  B  cells,  which  produce  adenosine,  and  T  cells,  which  express 
receptors  for  adenosine. 
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DISCUSSION  OF  THE  PAPER 


F.  Di  ViRGlLlo  {Institute  of  General  Pathology,  Padua,  Italy)'  A  brief  comment 
in  support  of  the  presence  of  ecto*ATPases  on  the  plasma  membrane  of  differentiated 
T  lymphocytes-  We  have  found  that  unrestricted  T  killer  cells  generated  by  a  5-day 
culture  With  100  U/ml  of  interlcukin-2  have  a  very  high  ccto-ATPase  activity  com¬ 
pared  to  freshly  isolated  lymphocytes  and  to  several  lymphoma  lines 

A  S.  Dahms  {San  Diego  State  University,  San  Diego,  CA):  1 )  It  was  not  clear 
whether  a  divalent  cation  was  present  in  the  T  cell  ecto-ATPase  measurement  2) 
Have  you  tested  whether  Pl-specific  phospholipase  C  releases  any  activity‘s 

Barankiewicz:  1 )  There  was  no  added  divalent  cation  above  that  present  m  the 
medium.  2)  No,  I  have  not  tned  it 
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INTRODUCTION 


Most  tissues  have  ecto-ATPase  activity  that  is  stimulated  by  Ca**  or  Unlike 
the  transport  ATPases,  which  transport  ions  across  membranes  and  use  intracellular 
ATP  as  an  energy  source,  the  ccto-ATPascs  have  their  ATP-hydrolyzmg  site  localized 
on  the  outside  of  the  cell  surface.  The  general  characteristics  of  the  ecto*ATPasc 
activity  are  its  activation  to  a  similar  extent  by  either  Ca^^  or  Mg^*,  and  its  ability 
to  hydrolyze  nonspecihcally  several  different  nucleotides.  The  ubiquitous  existence  of 
this  enzyme  activity  in  almost  every  tissue  suggests  that  this  enzyme  serves  important 
functions  for  the  cells.  It  is  suggested  that  the  ecto-ATPase  may  be  mvolv^  m  at 
least  two  important  cellular  functions.  One  function  is  to  hydrolyze  extracellular  ATP, 
which  is  a  ligand  for  Pj^purinergic  receptors,  in  order  to  terminate  the  response.'  The 
other  function  is  to  act  with  5'*nucleotidi»e  for  the  formation  of  adenosine,  which 
may  either  interact  with  its  receptor  on  the  cell  surface  to  tngger  cellular  responses 
or  may  be  transported  into  the  cell  by  nucleoside  transporters  for  the  recapture  of 
nucleosides.  In  order  to  understand  the  structural  and  functional  aspects  of  the  ecto- 
ATPase,  we  have  earned  out  studies  on  the  characterization,  purification,  localization, 
and  molecular  cloning  of  the  liver  plasma  membrane  ecto*ATPa$e. 


LOCALIZATION  AND  CHARACTERIZATION  OF  HEPATOCYTE 
ECTO-ATPase 


The  properties  of  the  liver  ecto*ATP^  were  studied  by  using  hepatocytes  in 
primary  culture.*  In  hepatocytes  in  primary  culture,  we  can  detect  Ca**-ATPase  and 
Mg*''^*ATPase  activities  by  addition  of  ATP  to  the  intact  cells.  The  external  localization 
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of  the  active  site  of  the  ATPase  was  confinned  by  the  observation  that  the  Ca*'*^- 
ATPase  and  Mg^'^-ATPase  acthities  were  the  same  for  intact  cells,  saponin-treated 
cells,  and  cell  homogenates.  The  effect  of  Ca**  and  on  the  ecto-ATPase  activity 
is  not  additive,  indicating  that  both  Ca^^*  and  Mg^  ^-ATPase  activities  are  part  of 
the  same  enzyme  This  «Mo- ATPase  has  several  unique  properties:  1)  It  has  broad 
nucleotide-hydrolyzing  activity;  that  is,  it  can  hydrolyze  ATP,  GTP,  UTP,  CTP, 
ADP,  and  GDP  to  a  similar  extent.  2)  The  ecto-ATPase  activity  is  not  sensitive  to 
oligomycin,  vanadate,  A'-ethylmaleimide  and  />-chloromercunbenzoate,  ouabain,  di- 
cyclohexylcarbodiimide,  7-chloro-4-nitrobenzo-2-oxa-l, 3-diazole,  F",  A^-cthylmaleim- 
ide,  La**,  and  oxidized  glutathione.  3)  The  ecto-ATPase  activity  is  highly  resistant 
to  proteolysis.  4)  The  ecto-ATPase  can  use  ATP*",  Ca**-ATP,  or  Mg**-ATP  as  a 
sul^trate 


PURinCATION  OF  ECTO-ATPase  FROM  RAT  LIVER  PLASMA 
MEMBRANES 


We  have  further  purified  the  ecto-ATPase  from  rat  liver  plasma  membrane.***  The 
ecto-ATPase  was  solubilized  from  liver  plasma  membrane  using  a  detergent,  polyoxy¬ 
ethylene  9-lauryl  ether,  and  punfied  by  column  chromatography  using  Polybuffer 
Exchanger  94,  concanavalm  A-Sepharo$e  46,  and  Sephadex  G-200.  The  enzyme  was 
purified  at  least  300-foId  from  plasma  membranes.  In  sodium  dodccyl  sulfate-poly¬ 
acrylamide  gel  electrophoresis  (SDS-PAGE),  one  major  band  with  molecular  weight 
of  100,000  was  observed  The  punfied  enzyme  was  activated  by  Ca**  and  Mg**  with 
apparent  half-saturation  constants  of  0.09  and  0.16  pMy  respectively.  Compounds  that 
affect  Ca**  pump  activity  (calmodulin  and  trifluoroperazine  at  concentrations  of  1 
^g/ml  and  100  /xM,  respectively)  had  no  effect  on  the  enzymatic  activity 


PREPARATION  AND  CHARACTERIZATION  OF  ANTI-ECTO- 
ATPase  ANTIBODIES 


ITirce  different  anti-ccto-ATPase  antibodies  have  been  prepared.  Antibody  #669, 
which  was  generated  by  injecting  rabbits  with  SDS-PAGE-punfied  ecto-ATPase,  only 
recognizes  denatured  ecto-ATPase.  Antibody  #708,  which  was  generated  by  injecting 
rabbits  with  purified  ecto-ATPase  from  chromatography  columns,  recognizes  both 
native  and  denatured  ecto-ATPase  and  is  able  to  deplete  the  ecto-ATPase  activity 
from  solution  when  the  antibody-enzyme  complex  is  removed  by  protein  A-Sepharose 
46.  ARer  this  treatment  the  ecto-ATPase  is  found  to  be  associated  with  the  protein 
A-Sepharose  46  fraction.*  This  observation  indicates  that  antibody  #708  can  bind 
to  the  native  ecto-ATPasc,  a  property  that  will  be  useful  in  studies  using  intact  cells 
(for  example,  fluorescent  cell  sorting).  Antipeptide  antibody  #36  was  generated 
against  a  sequence  obtained  from  trypsin  digestion  of  the  ecto-ATPase.  On  Western 
immunoblct,  antipeptide  antibody  #36  can  bind  to  the  reduced  form  of  ecto-ATPase 
but  not  to  the  nonreduced  ecto  ATPase,  indicating  that  this  antibody  recognizes 
epitopes  that  are  protein  conformation  dependent.  Although  an  ATPase  activity,  which 
has  properties  similar  to  those  of  the  liver  ecto-ATPase,  could  be  detected  in  several 
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tissues,  we  have  found  that  the  antibodies  specific  for  the  Ii\'er  ecto^ATPase  only 
cross'ieact  with  the  ATPase  of  few  tissues,  that  is^  kidney  and  heart.  This  observation 
indicates  that  ecto*ATPases  from  various  tissues  are  distinct,  though  th^  all  have 
similar  en^matic  properties. 


LOCALIZATION  OF  THE  ECTO-ATPasc  TO  THE  CANAUCULAR 
REGION  OF  LIVER  MEMBRANES 


Because  hepatocytes  are  polarized  epithelial  cdls  mth  distinct  plasma  membrane 
re^ons,  unraveling  the  distribution  of  the  ecto^ATPase  in  hepatoc>1es  mil  be  of 
importance  in  order  to  understand  the  functions  of  the  ecto-ATPase.  The  surface 
distribution  of  the  plasma  membrane  ccto-ATPase  in  rat  hepatocytes  was  determined 
by  se^'eral  methods.’  1)  Two  polyclonal  antibodies  specific  for  the  ecto-ATPase  were 
used  to  examine  the  distribution  of  the  enzyme  in  frozen  sections  of  rat  liver  by 
immunofluorescence.  Fluorescent  staining  was  d>serv’ed  at  the  bile  canalicular  region 
of  hepatoc>te$.  2)  Plasma  membranes  were  isolated  from  the  canalicular  and  sinusoidal 
r^ons  of  rat  liver.  The  spedfic  activity  of  ecto>ATPase  in  the  canalicular  membranes 
was  22  times  higher  than  that  of  sinusoidal  membranes.  3)  By  immunoblots  with 
polyclonal  antibodies  against  the  ecto-ATPase  and  the  Na*,K  *-ATPasc,  it  was  found 
that  the  ecto*ATPase  protdn  was  only  detected  in  canalicular  membranes  and  not  in 
sinusoidal  membranes,  while  (he  Na^,K*-ATPasc  protein  was  only  detected  in  sin¬ 
usoidal  membranes  and  not  In  canalicular  membranes.  These  results  indicate  that  the 
liver  ecto-ATPase  has  an  unequal  distribution  among  diflerent  domains  of  hepatocyte 
membranes  and  that  it  is  more  enriched  in  the  canalicular  domain.  Because  it  was 
known  that  one  of  (he  functions  of  the  ccto-ATPase  is  to  regulate  Pj-purinergjc  receptor 
localized  in  the  sinusoidal  domain,’^  the  implication  from  this  localization  study  is 
that  liver  may  have  more  than  one  form  of  ecto-ATPase.  We  proposed  that  the 
function  of  the  sinusoidal  ccto-ATPase  is  to  regulate  the  P,-punnergic  receptor/ 
efiector  system  while  the  canalicular  ecto-ATPase  is  involved  in  the  mechanism  of 
retrieval  of  secreted  nucleotides. 


CLONING  OF  A  cDNA  CODING  FOR  A  LIVER  ECTO-ATPase 


The  amino  acid  sequence  of  the  ccto-ATPase  from  rat  liver  was  deduced  from  an 
analysis  of  cDNA  clones  and  a  genomic  clone.  The  deduced  sequence  predicts  a  519 
amino  acid  protein  with  a  calculated  molecular  mass  of  57,388  Da.  There  are  16 
potential  asparagine-linked  N-glycosylation  sites  in  the  protein  Hydropathy  analysis 
of  the  deduced  amino  acid  sequence  indicates  that  the  protein  has  two  hydrophobic 
stretches.  One  is  located  at  the  NH^-terminal  and  has  properties  of  a  membrane  signal 
sequence  and  the  other  is  near  (he  COOH-terminal  end.  Figure  1  shows  the  schematic 
diagram  of  the  ccto-ATPase  sequence  features  The  structural  arrangement  predicts 
that  most  of  the  protein  mass  is  on  the  outside  of  the  cell  and  that  the  COOH-terminal 
of  the  protein  is  intracellular.  This  structuml  information  is  consistent  with  the  fact 
that  the  protein  is  an  ccto-ATPase  with  its  active  site  localized  on  the  outside  of  the 
cell.  Sequence  homology  analysis  shows  that  the  ecto-ATPase  has  three  immuno- 
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FIGURE  L  Scbozodc  iSiipisn  erf'  the  setpicnce  fatora.  Uotru»latcd  regioni  arr  illustrated 
^  borizootal  line  sejimatt^  the  ecto-ATPase  coding  repoo  h  iUustnied  as  a  long  rectangle, 
which  is  situated  bet«'een  t*t)  line  segments  and  is  divided  into  ses'cral  regions.  The  signal 
peptide  region  is  filled  is.  the  extracellular  region  is  open,  the  transmembrace  re^oos  are  stippled, 
ax^  the  cytopiistDie  segment  b  hatched.  Arronx  abo%e  the  box  indicate  potential  K>gI>'coQ]atio3 
sites.  Vertical  lines  in  the  extracdlular  region  indicate  cysteine  rescues,  and  the  proposed 
ifflmuiioglobttliO'like  disulfide  bonds  are  indicated. 


globulin-like  domains  that  are  homologous  to  the  immunoglobulin  domains  of  biliary 
gl^xoprotan  1  (BGPlVTheecto-ATPasehasacyloplasmicdomainaboutTl  amino 
adds  long.  This  cytoplasmic  domain  has  a  phosphorylation  consensus  sequence  for 
cAMP-dependent  protein  kinase  (L^vArg-X-X-^)'  and  a  phosphorylation  consen¬ 
sus  sequence  for  tyrosine  kinase.*  R^ardmg  the  dte  for  nucleotide  binding,  there  are 
two  stretches  of  s^uences  (consisting  of  amino  adds  92-100  and  335-348)  similar 
to  the  consensus  sequences  for  nucleotide-iunding  domains  of  other  ATP-binding 
protein  Accordingly,  the  hypothetical  arrangement  of  the  ecto-ATPasc  in  plasma 
membrane  is  shown  in  Figure  2.  It  should  be  pointed  out  that  although  in  the  primary 
sequence  the  two  potential  nucleotide-blnding  sites  are  quite  far  apart,  they  may  be 
quite  close  in  the  folded  thre»;-dimen$ional  structure. 


FIGURE  2.  Hypothelical  arrangement  of  the  ccto-ATPase  in 
plasma  membrane.  Potential  N>glycosylation  sites  are  indicated  as 
filled  circles 
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EXPRESSION  OF  A  FUNCTIONAL  ECTO-ATPasc  IN  OTHER 
MAMMALIAN  CELLS  BY  TRANSFECTION 


To  confinn  that  the  clone  obtained  ts  the  cDNA  for  the  ecto*ATPase,  ue  have 
carried  out  transfection  experiments.  The  folidenglh  ecto*ATPase  cDNA  was  con¬ 
structed  into  plasmid  cdmS.*^  Thb  vector  uses  the  cvtomegalovmis  promoter  and 
SV40  origin  of  replication.  The  expression  pla^d  (pEXP)  was  transfected  into  mouse 
L  cdls  and  human  HeLa  cells  by  caldum  phoq>hate  precipitation.  Immunoblot  in 
which  antipq)tide  antibody  #36  was  used  showed  that  the  ecto-ATPase  can  be 
expressed  in  both  L  cells  and  HeLa  cells  (Ftc.  3).  ATPase  activity  of  the  expressed 
protein  s^as  measured  using  cell  l>‘sates  from  cdls  transfected  with  a  control  plasmid 
and  the  plasmid  containing  the  ecto-ATPase  cDNA.  Cells  transfected  with  plasmid 
(pEXP)  had  higher  Ca^^-stimulated  ATPase  activity  compared  to  that  of  controls 
(Table  1),  indicating  that  the  protdn  expressed  from  the  pl^mid  is  the  ecto-ATPase. 


FIGURE  3.  Expression  of  the  rat  liver  ecto-ATPase  in  mouse  L  cells  and  human  HeLA  cells 
(C.  control,  E  expression)  L  cells  and  HeLa  celb  were  transfected  with  2$  pg  of  plasmid  DNA 
per  100  mm  plate  by  the  calcium  phosphate  precipitation  method.  After  48  hr,  the  cells  were 
collected  and  then  lysed  by  freezing  and  thawing  to  obtain  total  cell  lysate.  An  aliquot  of  the 
total  lysate  was  solubilized  by  the  addition  of  a  detergent,  polyoxyethylene  9-IauryI  ether  The 
solubilized  sample  was  than  centrifuged  in  an  Eppendoif  microfuge.  The  supernatant  fraction 
was  passed  through  a  Con  A-Sepharose  4B  column  and  eluted  with  0  25  M  a-methyl  mannoside. 
Antipeptide  antiserum  #36  in  1-  to  500-fold  dilution  was  used  to  identify  the  ecto-ATPase. 
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TABLE  1.  Ca’^'-Stiniulated  ATPase  Activity  of  L  Cells  and  HeLa  Cells  Transfected 
with  Control  and  Expression  Plasmid-Containing  Ecto-ATPase  cDNA 


Ca**-ATPasc  Activity 

(niBOi/rog/hr) 

Percentage 

Cell  Type 

Control 

pEXP 

of  Control 

Lcells 

146 

380 

260 

HeLa  cells 

1662 

251$ 

152 

The  liver  plasma  membrane  ecto>ATPase  is  the  first  ecto-ATPase  purified  and 
cloned.  The  information  obtained  from  these  biochemical  and  molecular  biological 
studies  should  be  useful  in  the  studies  of  this  enzyme  in  other  tissues  Moreover,  the 
cDNA  clone  of  the  ecta*ATPase  can  be  used  to  investigate  the  functional  aspects  of 
this  interesting  protein. 
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DISCUSSION  OF  THE  PAPER 


M.  V  Sitkovsky  {National  Institutes  of  Health,  Bethesda,  MD)'  Did  I  understand 
you  correctly  that  you  demonstrated  phosphorylation  of  your  cclo-ATPase  m  the 
intracellular  region? 

Lin.  It  was  done  by  others  with  hepatic  cells.  Addition  of  insulin  caused  tyrosine 
phosphorylation  of  a  protein  that  is  most  likely  identical  with  our  ccto-ATPase. 

F.  Di  ViRCiLlo  {Institute  of  General  Pathology.  Padua.  Italy).  I  was  puzzled  by 
the  lack  of  homology  of  the  ccto-ATPase  you  described  to  all  known  ATPases.  Do 
you  have  other  examples  of  ATPases  showing  this  structure?  Have  you  tested  vanadate 
as  an  inhibitor  of  this  ATPase? 

LiN'  As  far  as  I  know,  the  liver  ecto-ATPase  is  the  only  ecto-ATPase  whose 
primary  structure  is  known.  Vanadate  does  not  inhibit  the  ecto-ATPase  activity 
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A.  S.  Dahms  (San  Diego  Stale  UnivemQf,  San  Diego,  CA).  A  comment  on  the 
distinct  nature  of  ecto*ATPa$e  relative  to  such  wen<characteri^  pumps  as  the  Na*^ 
pump,  SR  Ca^**^  pump,  and  vacuolar  H'*'  pump.  The  ecto*ATPases  are  fully  distinctive, 
and  are  unaffected  by  vanadate,  oitgomycin,  ouabain,  and  other  classical  inhibitors. 
They  are  apparently  incapable  of  catalysng  any  other  partial  reactions,  including 
P,*ATP  exchange,  ADP-ATP  exchange  medium  exchange,  and  cleavage 

of  low  molecular  weight  organophosphorous  molecules  such  as  ;7*nitrophenylphosphate 
and  acetylphosphate.  They  are  apparently  designed  for  one  function,  that  is,  irreversible 
cleavage  of  ATT.  There  may  be  some  structural  differences  between  the  ccto-ATPases 
For  example,  we  have  amino  terminal  sequence  information  for  the  first  23  residues 
of  the  8S-kDa  glycoprotein  of  the  skeletal  muscle  transverse  tubule,  a  putative  ecto^ 
Mg-ATPase,  and  there  is  no  identity  with  the  liver  cannicular  enzyme.  There  is  another 
factor  that  bears  upon  the  possible  function  of  the  ecto-ATPase  from  vanous  sources 
Dr.  Lin,  what  is  the  apparent  Stokes  radius  of  the  active,  solubilized  liver  ectoenzyme? 
This  is  another  important  feature  because  it  would  suggest  that  the  protein  is  probably 
not  a  channel  former.  Your  data  show  a  single  bilayer  helix.  In  the  absence  of 
oligomerization  and  other  protein(s),  this  would  mean  it  could  not  serve  as  a  trans¬ 
locator  of  ions  or  other  molecules  and  reinforces  the  conclusion  that  ecto*ATPase$ 
may  serve  to  only  cleave  ATP. 

Lin:  The  data  are  consistent  with  a  polypeptide  of  M,  85- 100,000 
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INTRODUCTION 


The  enzyme  protein  kinase  catalyzes  the  transfer  of  the  y-phosphate  from  ATP 
to  senne,  threonine,  or  tyrosine  residues  within  the  structure  of  proteins,  to  form  a 
covalent  phosphomonoester  linkage  This  linkage  produces  a  conformational  change 
that  can  bring  about  an  alteration  in  the  functional  activity  of  the  protein.  Dephos* 
phorylation  by  phosphoprotein  phosphatases  determines  the  reversible  nature  of  this 
regulatory  process.  A  large  body  of  evidence  now  demonstrates  that  the  phosphoryl¬ 
ation  of  intracellular  proteins  by  several  types  of  protein  kinase  plays  a  significant 
role  in  the  regulation  of  multiple  cellular  functions'*’  In  particular,  protein  kinase 
activity  is  recognized  as  the  ubiquitous  target  for  second  messengers  produced  intra- 
cellularly  m  response  to  the  stimulation  of  surface  receptors  by  hormones,  neuro- 
transmitters,  and  growth  factors  In  addition,  protein  phosphorylation  has  been  shown 

‘'Studies  desenbed  here  from  the  authors’  laboratories  were  supported  in  part  by  Grant  88- 
0290  from  the  U  S  Air  Force  Office  of  Scientific  Research,  Grant  6b9148  from  the  PSC-CUNY 
Research  Award  Program  of  the  City  University  of  New  York  (to  Y.  H.  E ),  and  Grant  R02- 
HL32S94  from  the  National  Heart,  Lung,  and  Blood  Institute  (to  E.  K  ) 

^Address  for  correspondence  CSI/IBR  Center  for  Developmental  Neuroscience,  College  of 
Staten  Island,  City  University  of  New  York,  120  Stuyvesant  Place,  7-422,  Staten  Island,  New 
York  10301. 
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to  serve  as  a  site  of  molecular  adaptation  in  processes  whereby  hormonal,  pharma* 
cological,  or  behavioral  inputs  induce  long*Iasting  alterations  in  cellular  responsive¬ 
ness.*^ 

It  is  now  well  established  that  ATP  is  present  in  the  extracellular  milieu  of  a 
variety  of  tissues,  and  that  extracellular  ATP  can  elicit  differing  functional  responses 
in  many  types  of  cells*  (see  also  alt  other  articles  in  this  volume).  Furthermore,  several 
recent  studies  have  helped  to  focus  attention  on  the  finding  that  the  extracellular 
environment  is  not  metabolically  inert,  but  contains  various  ecto-  and  exoenzymes 
implicated  in  developmental  processes,  in  intercellular  communication,  and  in  feedback 
regulation.^  The  utilization  of  extracellular  ATP  by  protein  kinases  operating  at  cell 
surfaces  can  provide  for  these  extracellular  processes  a  powerful  regulatory  machinery 
analogous  to  that  provided  by  protein  phosphorylation  systems  operating  intracellu- 
larly.  In  this  article,  we  review  in  brief  studies  demonstrating  the  existence  of  ecto- 
protein  kinases  at  cell  surfaces,  outline  some  criteria  to  be  fulfilled  in  providing  evidence 
for  the  presence  of  ectoprotein  kinase  activity  on  a  cell,  discuss  the  unique  roles  that 
extracellular  protein  phosphorylation  may  play  in  cells  that  secrete  ATP  by  exocytosis, 
and  describe  studies  from  our  laboratory  on  ectoprotein  kinase  activity  in  neuronal 
cells  and  its  potential  involvement  in  processes  operating  in  cell  development,  in 
regulating  neuronal  responsiveness,  and  in  processes  underlying  synaptic  plasticity. 


IDENTIFICATION  AND  CRITERIA  FOR  ECTOPROTEIN  KINASES 


Ectoenzymes  constitute,  by  definition,  a  part  of  the  structure  of  the  plasma  mem* 
brane,  and  are  membrane*bound  enzymes  whose  catalytic  site  faces  the  extracellular 
environment.  One  of  the  pioneers  in  the  investigation  of  ectoenzymes,  M.  L  Kar* 
novsky,  has  formulated  a  set  of  six  enteria  that  should  be  met  m  providing  evidence 
that  a  certain  enzymatic  activity  indeed  belongs  in  this  category.  In  essence,  these 
entena  state  the  following* 


1.  Assays  using  intact  cells  should  be  used  to  detect  the  activity  of  an  ectoenzyme 

2.  It  should  be  demonstrated  conclusively  that  the  enzyme  under  investigation  is 
not  secreted  by  the  assayed  cells. 

3.  A  substrate  that  cannot  penetrate  the  cells  should  preferably  be  used  m  these 
assays. 

4.  An  increase  in  the  assayed  activity  may  be  detected  when  the  cells  are  broken. 

5.  It  should  be  possible  to  detect  products  of  the  enzymatic  reaction  in  the  e.x- 
tracellular  environment 

6.  Availability  of  a  selective  inhibitor  (preferably  a  covalently  linking  reagent) 
that  inhibits  the  activity  in  intact  cells  will  provide  a  strong  evidence  for  the 
ectoenzymatic  nature  of  the  activity. 


In  addition  to  these  general  enteria  for  ectoenzymes,’  one  specialized  aspect  of 
protein  phosphorylation  activity  enables  the  design  of  tests  that  are  unique  for  the 
detection  of  ectoprotein  kinases  Endogenous  protein  phosphorylation  is  the  process 
in  which  a  kinase  phosphorylates  a  protein  that  coexists  with  it  in  the  same  microen* 
vironment.’  For  in  vitro  assays  of  endogenous  protein  phosphorylation  activity,  a 
radiolabeled  cosubitrate  of  protein  kinase,  [y*”P]ATP,  is  incubated  with  the  tissue 
fragments  under  investigation  No  other  additions  are  required.  Gel  electrophoresis 


EHHUCH  ««/.:  ECrOPROTEIN  KINASE 


403 


and  autoradiography  of  detergent-solubihztd  reaction  products  reveals  the  identity  of 
the  proteins  that  serve  as  specific  endogenous  substrates  for  protein  kinases  in  the 
J  ')•  fragments  are  incubated  with  radiola¬ 

beled  ATP  and  the  appropriate  cofactots,  these  assays  can  detect  the  endogenous 
substrates  of  the  membrane-bound  protein  kinases  that  constitute  part  of  the  structure 
of  these  membranes.  When  the  radiolabeled  ATP  is  added  to  intact  cells  incubated 
m  a  bufler  with  ionic  composition  mimicking  the  physiological  extracellular  cnviron- 


10'  30'  60' 


FIGURE  1.  Tune  course  of  intra-  and  extracellular  pro¬ 
tein  phosphorylation  in  neural  cells  Cloned  neural  cells 
of  the  NGI08-IS  Ime  were  grown  in  a  seruin.free  medium 
in  96-well  cluster  pUtes  For  phosphorylation  reactions, 
attached  cells  were  gently  nnsed  and  covered  with  0  09 
ml  of  Krebs-Ringer  buffer,  as  desenbed  previously  ”  To 
initiate  the  reaction,  00!  ml  of  buffer  containing  10  itCi 
per  well  of  inorganic  “P,  or  10  pCi  {y-”PJATP  (final 
ATP  concentration  was  1.0  pM)  was  added  to  adjacent 
wells.  After  the  incubation  limes  indicated  in  the  figure, 
the  cells  were  solubilized  in  sodium  dodecyi  sulfate  and 
separated  by  polyacrylamide  gel  electrophoresis  Shown 
IS  the  autoradiograph  of  a  representative  gel  from  a  study 
by  Ehrhch  el  aV^  The  astensk  on  the  left  side  marks  a 
protein  that  was  seen  phosphorylated  when  radioactive 
PJATP  was  added  lo  the  extracellular  medium,  but 
not  when  intracellular  ATP  pools  were  labeled  by  addme 
inorganic  "P  to  the  cells  The  arrow  on  the  right  side 
points  at  a  protem  that  appears  to  be  phosphorylated  only 
mtracellularly.  Tlie  phosphorylation  of  the  protein  band 
marked  by  the  astensk  could  be  inhibited  by  adding  apy. 
rase  to  the  medium,  but  not  the  phosphorylation  of  the 
band  mark«l  by  the  arrow 


ment,  the  phiKphoprotems  detected  in  the  assay  are  the  cell  surface  proteins  that  serve 
r  ecloprotein  kinases  Of  course,  certain  requirements  must  be  met 

by  following  appropriate  controls  A  mam  cmenon,  as  pointed  out  by  Kamovsky* 
IS  that  the  assayed  enzyme  does  not  ongmate  from  intracellular  sources.  In  the  case 
of  ectokinase  assays,  one  can  test,  in  addition,  whether  the  endogenous  protem  substrate 
IS  of  mtra-  or  extracellular  origin  Incubation  of  cells  with  radioactive  inorganic 
phophate  (  P,),  which  penetrates  cells,  results  m  tadiolabelmg  of  intracellular  ATP 
pools  In  turn,  protem  substrates  of  intracellular  protein  kinases  become  labeled.  In 
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parallel,  cells  are  incubated  with  radioactive  ATP  to  serve  as  cosubstrate  for  ectoprotein 
kinase.  The  time  course  of  protein  phosphorylation  detected  by  these  two  procures 
should  be  different.  Radiolabehng  of  intracellular  proteins  in  cells  incubat^  with 
starts  after  a  lag  period  dunng  which  intracellular  ATP  pools  are  first  labeled.  The 
phosphorylation  of  surface  proteins  by  radioactive  ATP  added  directly  to  the  medium 
would,  therefore,  be  detected  earlier.  Furthermore,  the  phosphorylation  of  proteins 
in  cells  incubated  with  ”P„  as  opposed  to  (y-^PjATP,  would  differ  not  only  kinetically 
but  also  qualitatively.  Different  patterns  of  protein  phosphorylation  are  revealed  by 
the  two  assays  outlined  above  b^use,  in  addition  to  the  possibility  that  ectokinases 
phosphorylate  transmembrane  proteins,  protdns  that  are  unique  to  the  cell  surface 
can  ^$0  serve  as  substrates  for  this  actmty.  The  identification  of  the  endogenously 
phosphorylated  protein  substrates  is  thus  a  most  useful  tool  in  studies  designed  to 
establish  the  presence  of  ectoprotein  kinase  in  a  given  cell  population  Naturally,  this 
identification  is  also  a  first  step  in  investigating  the  potential  function  of  this  activity. 

Potential  complicating  factors  in  the  assays  described  above  are  the  release  of 
intracellular  (y'^PjATP  to  the  medium  from  cells  preincubated  with  ”P„  and  the 
rapid  formation  of  inorganic  ”Pj  from  added  radiolabeled  ATP  by  ecto*ATPases. 
Subsequently,  labeling  of  intracellular  phosphoproteins  could  occur  in  cells  incubated 
with  [y-”P]ATP,  and  labeling  of  proteins  on  the  surface  would  occur  m  cells  incubated 
for  a  long  period  with  ^^P,.  These  factors,  however,  can  be  used  to  our  advantage.  We 
have  found  that  the  addition  of  an  excess  (1-5  mM)  of  nonradioactive  P|Wi]l  decrease 
considerably  the  labeling  of  intracellular  phosphoproteins  in  cells  incubated  with  ’^P„ 
but  would  not  affect  the  early  labeling  of  specific  substrates  of  ectoprotein  kinase  when 
radioactive  ATP  is  added  to  the  medium.  Conversely,  addition  to  the  medium  of 
ATP«consuming  enzymes,  such  as  apyrase,  will  inhibit  the  labeling  of  substrates  of 
ectoprotein  kinase  without  affecting  the  phosphorylation  of  intracellular  proteins 
Based  on  these  considerations,  we  recommend  the  following  assays  as  a  standard 
initial  procedure  to  be  used  in  the  first  phase  of  an  investigation  of  ecto*protein  kinase 
activity 

Incubate  minimally  disturbed  cells  (preferably  in  an  attached  slate  in  48*  or  96* 
well  plates)  in  a  buffer  with  an  ionic  composition  mimicking  a  physiological  extra¬ 
cellular  environment  (Krebs-Ringer  or  Tyrode’s  media).  The  buffers  should  be  pre¬ 
pared  without  phosphate  ions  To  specified  rows  of  wells  (see  below)  add  either  1 
mM  cold  P„  aliquots  of  the  enzyme  apyrase  (0.5  units  per  well),  or  an  equal  volume 
of  buffer.  To  initiate  the  reactions,  add  to  alternate  wells  equivalent  amounts  (m  ^.iCi) 
of  cither  ”P,or  [y-^PjATP.  In  different  welk,  stop  the  reaction  as  a  function  of  time 
at  very  short  ( 10  sec- 1  min),  intermediate  (5- 10  min),  and  long  (30-120  min)  reaction 
penods  Thus,  each  of  the  sets  is  tested  without  additions,  in  the  presence  of  1  mM 
nonradioactive  P„  and  with  apyrase. 

Proteins  labeled  m  cells  incubated  with  ”P,in  the  presence  of  apyrase  are  specific 
substrates  of  intracellular  protein  kinases.  Proteins  that  become  phosphorylated  early 
after  the  addition  of  [y-^^P]ATP  to  the  medium,  and  whose  labeling  is  insensitive  to 
added  nonradioactive  P,and  is  inhibited  by  the  addition  of  apyrase,  are  the  most  likely 
candidate  substrates  of  ectoprotein  kinase  activity  at  the  cell  surface. 


ECTOPROTEIN  KINASE  ACTIVITY  4T  THE  SURFACE  OF 
CULTURED  CELLS 


Investigation  of  protein  phosphorylation  activity  in  extracellular  domains  did  not 
lag  far  behind  the  discovery  of  intracellular  protein  kinases  In  1974,  Agren  and 
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Ronquist'^  reported  that  intact  glia  and  glioma  cells  can  catalyze  the  transfer  of  the 
y>phosphate  from  extracellular  ATP  to  exogenously  added  protein  substrates,  $ug« 
gesting  the  existence  of  a  surface  ectoprotein  kinase.  Stimulation  of  a  protein  Idnase 
activity  at  the  surface  of  glioma  cells  by  cyclic  AMP  was  reported  soon  after.” 
Although  in  early  studies  not  all  of  the  considerations  and  criteria  for  identification 
outlined  above  for  ectoprotein  kinase  activity  were  followed,  these  reports  have  pro< 
vided  important  clues  for  the  potential  involvement  of  extracellular  protein  phospho* 
rylation  systems  in  a  variety  of  cellular  systems:  cultured  3T3  cells,”  Ehrlich  ascites 
tumor  cells,”  macrophages,”  fibroblasts,”  fat  cells,”  hepatocytes,”  leukocytes, “  a 
macrophagedike  cell  Ime,^’  and  epididymal  spermatozoa.^^  In  1982,  Kubler  et 
reported  a  most  rigorous  study  of  protein  phosphorylation  at  the  surface  of  cloned 
human  HeLa  cells  and  provided  convincing  evidence  for  the  existence  of  ectoprotein 
kinase  in  this  cell  line.  The  enzyme  phosphorylated  both  endogenous  and  exogenous 
protein  substrates.  Incubation  of  HeLa  cells  with  an  exogenous  substrate  (phosvitin 
or  casein)  effected  a  release  of  phosvitin  kinase  activity  from  the  surface  of  intact 
cells.”  This  method  can  provide  solubilized  enayme  for  biochemical  studies  of  ecto¬ 
protein  kinase  ”  In  addition,  Kubler  et  al^  suggest  that  the  substrate-induced  release 
of  a  surface  protein  kinase  may  have  a  physiological  role,  in  that  a  movement  of  the 
enzyme  away  from  the  cell  surface  may  enable  novel  venues  of  cell-environment 
interactions.  The  most  recent  advance  in  this  line  of  investigation  is  the  possibility 
that  extracellular  protein  kinases  may  serve  as  mediators  for  classical  intracellular 
second  messengers  in  situations  where  the  latter  are  released  by  the  cells.  Using  the 
synthetic  substrate  Kemptide,  which  carries  the  recognition  site  for  cyclic  AMP- 
dependent  protein  kinase,  Kubler  et  demonstrated  that  cyclic  AMP-dependent 
phosphorylation  activity  resides  at  the  surface  of  inUct  HeLa  cells.  In  summary,  a 
variety  of  cell  types  has  been  shown  to  have  several  types  of  protein  kinase  activities 
at  the  cell  surface. 

A  key  question  that  has  not  been  addressed  in  most  of  the  reports  cited  above  is 
that  of  the  natural  source  of  the  extracellular  ATP  that  serves  as  a  cosubstrate  for 
the  ectoprotein  kinases  assayed  in  the  cells  under  investigation  In  contrast,  our 
laboratory  has  focused  on  the  extracellular  protein  phosphorylation  activity  in  cells 
known  to  secrete  ATP  upon  stimulation.  These  studies  arc  desenbed  below  in  greater 
detail. 


SECRETION  OF  ATP  BY  STIMULATED  CELLS 


Three  cell  types  are  known  to  store  ATP  within  secretory  vesicles  and  release  it 
actively  by  exocytosis  upon  cell  stimulation.  These  are  neurons,  chromaffin  cells  of 
the  adrenal  medulla,  and  platelets.^  In  these  cells,  depolanzation  or  receptor  activation 
by  certain  agonists  induces  vesicular  release,  which  produces  a  pulse  of  extracellular 
ATP  at  the  cell  surface.  The  duration  and  magnitude  of  the  pulse  are  determined  by 
the  extent  of  ATP  release  and  by  the  action  of  ecto-ATPases  present  on  the  surface 
of  the  releasing  and  adjacent  cells  The  secreted  ATP  can  serve  as  a  signal  that  is 
transmitted  to  taiget  cells  Unique  to  cells  that  secrete  quantal  amounts  of  vesicular 
ATP  is  the  ability  to  provide  a  time-  and  concentration-dependent  feedback  control 
over  the  activity  of  the  releasing  cells  In  1954,  Holton  and  Holton”  were  the  first 
to  report  on  the  s«;retion  of  ATP  from  nerve  terminals  and  to  propose  that  ATP 
could  be  involved  in  neurotransmission.  Subsequently,  it  was  shown  more  directly 
that  ATP  is  stored  within  synaptic  vesicles  of  adrenergic  and  cholinergic  neurons  in 
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the  peripheral  nervous  system  Preparations  of  synaptosomes  from  the  central 
nervous  system  (CNS)  were  also  shown  to  store  and  release  ATP  In  a  more  recent 
study,  we  were  able  to  demonstrate  ATP  release  from  intact  CNS  neurons  In  this 
study  a  pure  (over  95%)  neuronal  population  of  embryonic  cells  was  prepared  from 
the  neostriata  dissected  from  the  brain  of  14-day  mouse  embryos.  The  neurons  were 
maintained  in  culture  in  a  chemically  defined  m^mm  for  a  penod  of  15  days,  during 
which  time  the  neurons  underwent  biochemical  and  physiological  differentiation. 

Lucifenn/luciferase  reactions  were  used  to  measure  ATP  concentrations  in  the 
extracellular  medium  of  these  differentiated  cells.  Under  basal  (nonstimulated)  con¬ 
ditions,  the  concentration  of  extracellular  ATP  was  found  to  be  a^ut  0.5  nM.**  Table 
1  demonstrates  that  upon  depolarization  of  the  cells  with  50  mM  KCl  there  was  over 
a  30-fold  increase  in  the  concentration  of  extracellular  ATP.  Over  75%  of  this  release 
of  ATP  was  dependent  on  the  presence  of  calcium  ions  in  the  extracellular  medium, 
as  would  be  expected  from  a  process  of  vesicular  cxocytosis.  Similarly,  we  found  in 
these  cells  a  40-fold  increase  in  ATP  release  in  response  to  stimulation  by  veratndine, 
and  over  80%  of  this  release  could  be  blocked  by  tetrodotoxin.”  Neostnatal  cells  such 
as  used  m  the  ATP  release  expenments  were  also  found  to  incorporate  *^P04*"  into 
specific  proteins  when  [y-^PjATP  was  added  to  the  extracellular  medium  The  pattern 
of  this  protein  phosphorylation  was  different  from  that  obscr\ed  when  the  same  cells 
were  incubated  with  These  findings  indicate  that  CNS  neurons  that  secrete  ATP 

upon  stimulation  can  also  use  extracellular  ATP  in  the  phosphorylation  of  surface 
proteins,  and  suggests  a  role  for  ectoprotein  kinase  m  brain  function. 


SURFACE  PHOSPHOPROTEINS  OF  CLONED  NEURAL  CELLS 


Great  progress  in  the  elucida'ion  of  the  molecular  mechanisms  that  regulate  cellular 
function  has  been  made  by  the  investigation  of  homogenous  populations  of  cloned 
cells  grown  and  differentiated  m  culture.  A  model  for  neuronal  differentiation  has 
been  provided  by  a  hybrid  clone  of  neuroblastoma  X  glioma  cells  called  NG108-15, 
When  differentiated  in  culture,  these  cells  exhibit  numerous  functions  of  mature 
neurons,  including  the  ability  to  form  functional  synapses”  We  have  used  NG108- 
15  cells  in  our  initial  investigation  of  neuronal  ectoprotein  kinase  activity.  As  shown 
in  Figure  1,  when  these  cells  are  incubated  with  radiolabeled  ATP  added  to  the 
extracellular  medium,  phosphorylation  of  specific  protein  components  can  be  seen 
within  a  short  incubation  penod.  The  phosphorylation  of  these  proteins  is  not  prom¬ 
inent  when  the  intracellular  ATP  pools  of  these  cells  arc  labeled  with  ^^P,.  Some  of 
the  evidence  that  these  proteins  are  substrates  of  ectokinase  activity  is  demonstrated 
in  Figure  2.  For  these  expenments  NG108-15  cells  were  cultured  in  a  chemically 
defined,  serum-free  medium  in  96-well  plates.  Attached  cells  were  washed  and  reacted 
in  a  Krebs-Ringcr  medium  buffered  with  Hepes  (pH  7.4)  Lane  a  depicts  the  en¬ 
dogenous  protein  substrates  phosphorylatcd  by  extracellular  ATP  in  these  cells 
Phosphorylation  of  an  exogenous  substrate,  a-casem,  is  shown  in  lane  b  The  phos¬ 
phorylation  of  a  substrate  that  cannot  penetrate  cells  is  one  of  the  entena  needed  to 
demonstrate  that  the  kinase  involved  is  an  cctoenzyme  When  the  proteolytic  enzyme 
trypsin  was  added  to  the  cells  at  a  concentration  that  had  no  detectable  effect  on 
protein  composition  (see  the  protein  staining  patterns  in  the  lanes  on  the  nght  in  Fig 
2),  It  eliminated  surface  protein  phosphorylation  (lane  d)  and,  when  added  after  the 
reaction,  removed  the  surface  lal^I  (lane  e).  These  findings  indicate  that  not  only  the 
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enzyme  but  also  the  substrates  are  located  at  the  cell  surface.  The  nonhydrolyzablc 
analogue  of  ATP,  AppNHp,  had  selective  effects  on  the  phosphorylation  of  specific 
proteins  by  extracellular  ATP  (lane  h),  although  by  itself  it  cannot  penetrate  cells. 
Increasing  the  concentration  of  MgClj  the  medium  from  I  mM  to  4  mM  did  not 
stimulate  the  activity  of  ectoprotein  kinase  (compare  lane  f  to  lane  a).  Addition  of  4 
mM  MnCIj  caused  a  marked  increase  in  the  phosphorylation  of  endogenous  substrates 
of  ectoprotein  kinase  (lane  g),  although  not  all  were  affected  equally.  In  recent  studies 
(Pawlowska,  Hogan,  and  Ehrlich,  in  preparation),  we  have  found  that  the  phospho* 
rylation  of  specific  protein  substrates,  such  as  the  one  marked  by  an  asterisk  in  Figure 
2,  by  radiolabeled  ATP  can  be  blocked  by  the  addition  of  the  enzyme  apyrase  to  the 
extracellular  medium.  This  phosphorylation  is  not  sensitive,  however,  to  the  addition 
of  excess  nonlabeled  P^.  We  believe  that  the  combination  of  all  these  data  provide  the 
evidence  that  neural  cells  have  an  ectoprotdn  kinase  that  phosphorylates  specific 
surface  proteins  by  extracellular  ATP. 

The  finding  that  the  phosphorylation  of  surface  proteins  by  ectokinase  increased 
significantly  when  NG108-15  cells  were  induced  to  differentiate  in  culture*®  suggested 


TABLE  1.  Depolanzation«Induced  ATP  Release  from  Neostriatal  Neurons  in 
Primary  Culture*  _ 

Depolanzation 

Conditions  ATP  Secretion  (nM) 

High'potasstum 

KrebS'Ringer  buffer  17.^  t 

Calcmm^free,  high*pota$$ium 

KrebS'Ringer  buffer  44  ±  1.5 

'Neostnatal  celts  dissected  from  embryonic  mouse  brain  were  maintained  in  culture  until 
maturation,  and  assayed  for  ATP  release  by  lucifenn/Iuciferasc  assays,  as  desenbed  previously 
Under  basal  conditions,  in  nonstimulated  cells,  ATP  concentration  in  the  medium  was  found 
to  be  about  0  5  mM.  Medium  was  collected  every  5  min  Incubations  were  earned  out  at  37 
For  depolanzation,  the  medium  was  replaced  with  Krebs-Rmger  buffer  containing  50  mM  KCI 
in  place  of  NaCI.  Data  from  Zhang  e/ 


that  this  activity  may  play  a  role  m  some  specialized  neuronal  functions  of  these  cells 
The  first  clue  for  this  possibility  was  provided  by  the  use  of  specific  antibodies  directed 
against  the  D2-CAM”  class  of  neuronal  cell  adhesion  molecules  (N*CAMs).  We  have 
found'®  that  when  anthD2-CAM  antibodies  are  added  to  the  medium  pnor  to  the 
incubation  of  NGI08-15  cells  with  [y-^^PjATP,  they  inhibit  the  endogenous  phos¬ 
phorylation  of  specific  protein  components  that  migrate  in  polyacrylamide  gels  with 
the  molecular  weight  expected  of  N-CAMs.  The  ability  of  this  antil^y  to  inhibit  the 
phosphorylation  of  proteins  in  a  specific  manner  without  penetrating  the  cells  provides 
additional  evidence  for  the  extracellular  location  of  the  inhibited  kinase  and  its  en¬ 
dogenous  protein  substrates.  Moreover,  this  result  represents  the  first  step  of  an 
investigative  approach  that  can  be  used  to  determine  whether  phosphorylation  at  sites 
located  on  the  cell  surface  is  involved  in  regulating  the  function  of  N-CAM  in  de¬ 
veloping  and  maturing  neurons. 

As  mention^  above,  NG108-I5,  the  cell  line  with  which  we  earned  out  our  initial 
studies,  IS  a  hybnd  between  neuroblastoma  and  glioma  cells  The  substrates  of  ecto- 
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FIGURE  2.  Endogenous  substrates  of  ectoprotnn  kinase  in  neural  cells.  Phosphorylation  re* 
actions  uere  earned  out  with  radiolabeled  ATP  added  to  the  extracellular  medium  of  NGIOS* 
15  neural  celb,  as  desenbed  in  the  legend  to  Figure  i.  The  standard  reaction  lime  was  10  min, 
and  the  standard  incubation  medium  was  Kreb$*Rmger  buffer  (a),  with  the  following  modih* 
catio.n:,  (b)  a*Casein  ( 1  ^g)  was  added  to  the  medium,  (e)  Preincubation  at  37  *C  for  10  min 
preceded  the  addition  of  ATP.  (d)  Trypsin  (001%)  was  added  to  the  medium  dunng  the 
preincubation  (e)  Trypsin  (001%)  was  added  to  the  medium  for  10  min  after  the  reaction 
(f )  The  medium  was  supplemented  with  4  mM  MgOj  (g)  The  medium  was  supplemented  with 
4  mM  MnCl].  (h)  AppNIlp  ( 10  >rM)  was  added  to  the  reaction  medium.  The  reactions  were 
stopped  by  adding  sodium  dodecyl  sulfate,  and  solubilized  proteins  were  separated  by  gel  elec* 
Irophorests  The  t>^o  lanes  on  the  nght  show  the  separation  of  st.'uidard  molecular  weight  markers, 
and  the  pattern  of  reaction  products  stained  with  Coomassie  Blue,  which  was  the  same  in  all 
the  lanes  on  the  left  (a*b)  Data  from  Ehrlich  et  al*^ 


protein  kinase  identified  in  these  cells  may  thus  be  of  neuronal  or  of  glial  ongin.  This 
hybrid  cell  line  exhibits  mainly  neuronal  properties.^  Comparative  assays  indicated 
that  the  endogenous  substrates  of  ectoprotein  kinase  in  these  cells  are,  in  all  likelihood, 
of  neuronal  origin.  We  earned  out  identical  assays  with  cultured  neuroblastoma  cells 
of  the  munne  cell  line  NIE’115  and  with  NG108*15  cells.  Figure  3  demonstrates 
the  great  similanty  between  the  phosphorylation  patterns  obtained  in  ectoprotein 
kmase  assays  with  murine  neuroblastoma  cells  (lanes  marked  NE  in  Fig.  3)  and  the 
hybrid  NGlOS'lS  cells  (lanes  marked  NG).  The  main  protein  substrate  of  ectokinase 
activity  in  these  cells  was  found  also  m  human  neuroblastoma  cells  (lanes  marked 
SK).  We  have  also  studied  a  cell  line  denv^  from  pheochromocytoma  (a  tumor  of 
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the  adrenal  medulla)  designated  PC12.  This  cell  line  was  developed  as  a  model  of 
noradrenergic  neurons  that  respond  to  nerve  growth  factor.**  In  these  cells  we  also 
detected  the  presence  of  the  major  substrate  protein  of  neuronal  ectokmase  (lanes 
marked  PC).  Thus,  several  types  of  cloned  neural  cell  lines  that  are  used  for  inves¬ 
tigating  different  aspects  of  neuronal  function  were  shown  to  have  ectoprotein  kmase 
activity.  The  availability  of  a  homogenous  cell  population  is  of  particular  importance 
m  studies  aimed  to  determine  conclusively  the  cellular  function  of  a  specific  substrate 
of  protein  kinase  activity.  This  availability,  taken  together  with  the  ability  of  an 


PN  NG  PC  SK  NE  NESK  PC  NG  PN 


FIGURE  3.  Phosphorylation  of  surface  proteins  in  several  types  of  neural  cells  Phosphorylation 
reactions  were  earned  out  with  attached  cells  and  by  adding  {y-**P]ATP  to  the  extracellular 
medium  essentially  as  desenbed  in  the  legend  to  Figure  1.  except  with  the  following  modili- 
canons.  The  celts  were  grown  in  48*we)l  cluster  plates  instead  of  96*we)!  plates  The  final 
concentration  of  added  ATP  was  0  1  pM  instead  of  1 0  pM.  and  it  was  add^  at  15  per 
well.  The  reaction  tune  was  15  nun  Ihe  polyacrylaoude  gel  used  to  separate  reaction  products 
bad  a  gradient  of  7-15%.  The  products  from  two  separate  reactions  of  every  cell  type  were 
applied  to  each  gel.  The  autoradiograph  of  a  representative  gel  is  shown  above.  From  the  center 
of  the  gel  toward  the  periphery,  tbe  cells  are  marked  as  follows  NE  cells  of  the  munne 
neuroblastoma  line  N1E*H5.  SK'  cells  of  the  human  neuroblastoma  line  SK-N-SH  PC  pheo- 
chromoevtoma  cells  of  the  line  FCi2  NG  NG108-I5  hybrid  neuroblastoma  X  glioma  cells 
PN  primary  neurons  prepared  from  the  telencephalon  of  7-day  chick  embryos,  and  maintained 
in  culture  for  6  days. 
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antibody  :o  inhibit  phosphorylation  by  an  cctt^rotdn  kinase  uilhout  having  to  pen¬ 
etrate  the  cell,  makes  it  possible  to  demonstrate  causal  relationships  between  the 
activity  of  a  spcd^  protein  phosphorylation  ^‘Stem  at  the  cell  surface  and  the  r^- 
ulation  of  defined  neuronal  functions  by  extracellular  ATP.  Such  studies  could  rep  eal 
the  physiolo^cal  roles  of  (his  activity. 


POTENTIAL  FUNCTIONS  OF  NEURONAL  ECTOPROTEIN 
KINASE 


The  phosphorylation  of  cell  surface  protdns  in  neurons  by  extracellular  ATP  is 
most  likely  to  be  in\oIved  in  the  communication  among  celK  and  between  the  cell 
surface  and  components  of  the  extracellular  matrix.  The  phosphorylation  ofN-CAMs, 
as  discussed  abo\e,  is  one  w'ay  in  which  ectoprotein  kinase  may  exert  functional  effects 
on  such  processes.  It  is  possible  that  other  substrates  of  ectoprotein  kinase  are  also 
involved  in  the  relation  of  intercellubf  interactions  that  occur  during  neuronal 
development.  To  investigate  this  possibility,  we  have  initiated  studies  of  ectoprotein 
kinase  in  neurons  cultured  from  embryonic  brain.  We  have  found  this  activity  in  both 
mammalian  and  avian  systems.  In  neurons  cultured  from  the  neostriatum  and  cerebral 
cortex  of  I4Hlay  mouse  embryo  and  maintained  in  culture  until  maturation,  we 
identified  specific  protdns  that  became  phosphorylated  on  addition  or[y*’^P)ATP  to 
the  medium.  These  protdns  were  difiereni  from  those  detected  when  labeling  intra¬ 
cellular  ATP  pools.’*  In  more  recent  studies  we  have  used  primary  neurons  isolated 
from  the  telencephalon  of  7«day  chick  embryo  (Hogan,  Pawlowsl^,  and  Ehrlich,  in 
preparation).  The  protdns  phosphorylated  m  these  neurons  after  the  addition  of 
radioactive  ATP  to  the  extracellular  medium  arc  shown  in  the  lanes  marked  PN  of 
Figure  3.  Among  these,  we  observed  a  duplex  of  phosphorylated  protein  bands  that 
migrated  with  an  apparent  molecular  mass  just  below  14,000  daltons  We  have  found 
that  the  phosphorylation  of  these  protdns  by  ectoprotein  kinase  activity  is  maximal 
prior  to  the  penod  of  rapid  neurite  extension  in  these  cells,  and  that  the  activity 
declines  upon  the  maturation  of  these  neurons.  The  phosphorylation  of  these  proteins 
by  extracellular  ATP  is  now  a  piionty  in  our  investigation  on  the  role  of  ectoprotein 
kinase  in  neuronal  development  and  differentiation 

In  mature  neurons,  a  potential  target  for  regulation  by  ectoprotein  kinase  would 
be  those  neuronal  activities  that  are  initiated  at  the  cell  surface  and  then  propagate 
to  intracellular  locations.  One  such  major  process  is  the  reuptake  of  nc'jrotransmitter 
molecules  by  adrenergic  neurons  The  reuplakc  of  released  norepinephrine  in  adren¬ 
ergic  neurons  is  earned  out  by  a  stereoselective,  high-affinity,  saturable  transporter 
located  in  the  plasma  membrane.”  ATP  is  coreleased  with  norepincphnne  from  ad¬ 
renergic  neurons.””  The  unhydrolyzable  analogue  of  ATP,  AppNHp,  was  found  to 
inhibit  norcphinephrine  uptake  in  rat  brain  synaptosomes”  This  uptake  inhibition 
was  calcium  dependent,  and  correlated  with  the  inhibition  by  AppNHp  of  the  en¬ 
dogenous  phosphorylation  of  a  specific  protein  component  with  apparent  molecular 
mass  of  39,000  daltons  in  these  synaptosomal  preparations.”  These  results  suggested 
that  the  high-affinity  uptake  of  norepincphnne  may  be  regulated  by  calcium-dependent 
phosphorylation  of  a  neuronal  surface  protein.  More  direct  studies  of  these  phenomena, 
which  required  investigation  of  a  homogenous  population  of  intact  cells,  were  earned 
out  with  a  cell  culture  model  of  sympathetic  neurons— PC12  cells  ”  Using  the  specific 
uptake  inhibitor  nisoxetine,  we  have  determined  that  the  high-affinity  uptake  of  nor- 
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epin^hiioe  in  1^12  cdls  can  proceed  in  tbc  proseoce  of  dther  \J1  xnM  }A^ior  1.2 
mM  CaOx^  as  in  tbc  presence  both  divalent  caikais.  Howev'er,  while  uptake 
measured  in  the  presence  of  MgO]  (without  adding  CaQ])  vtas  not  affected  by  ademne 
nuctetfides,  oorQHnq>hnse  uptake  measured  in  the  presence  of  CaCx  dgnificantly 
stimulated  by  adling  0.1  /iM  ATP  to  the  extraceSnlar  medhtm  (36%  increase;  p  < 
.01).  To  gain  some  clues  on  the  mechanism  that  may  mediate  this  effect,  ae  hav'e 
used  several  adenine  analogues  in  these  assays.  Our  results  are  summarized  in  Table 
2.  The  analogue  S'^adenylylimidodiphosphate  (AppNHp)  had  no  significant  effect  on 
the  uptake.  Because  AppNHp  is  an  effective  agonist  at  ATP  receptors,  this  result 
suggested  that  the  effect  may  involve  an  ATP-hydrolyzing  en^'roe  rather  than  a 
receptor>mediated  activ'adon.  Potential  eazyrats  are  ecuvATPase  and  ectoprotexn 
kin^  The  analogue  adenosine-5''0^3>thiotripho^Late),  namely  ATP-y^S,  cannot 
be  hydrolized  effectively  by  ATPases,  but  was  found  to  serve  as  a  substrate  for  neuronal 
protein  kinase  activity.**  As  can  be  seen  in  Table  2,  ATP-y^S  was  ev'en  more  effective 
than  ATP  in  stimulating  norepinephrine  uptake  in  PCI2  cells.  These  results  suggest 


TABLE  2.  Norepinephrine  Uptake  in  PC12  Cells:  Effect  of  Adenine  Nucleotides* 


Additions  to  the 

Extracellular  Medium 

High-Affinity  Uptake 
(Percentage  of  C^trol) 

None  (control) 

lOO  ±  4 

ATP 

136  S  9* 

ATP^4 

155  ±  18* 

AppNHp 

IW  ±  5 

ADP 

92  i  8 

Adenosine 

90  ±  9 

*  High-affinity  uptake  of  [*HInorepinephrine  was  measured  in  PC12  cells  resuspended  in 
Hepes-KrebS'Ringer  buffer  without  magnesium  tons,  as  desenbed  previously  **  ATP  and  each 
of  theother  adenine  nucleotides  listed  above  ere  added  at  a  final  concentration  of  0 1  micromolar. 
Data  derived  from  Hardwick  </  oZ” 

V  <  01 


that  an  ectoprotein  kinase  mediates  the  effect  of  extracellular  on  norepinephrine 

uptake.  The  products  of  thiophosphorylation  with  ATP-y^S  arc  known  to  resist  phos- 
phoprotein-phosphatase  activity.  Therefore,  involvement  of  a  protein  kinase  will  render 
the  effect  of  ATP'y-^  irreversible.  Indeed,  we  found  that  washing  the  cells  and 
incubating  them  for  an  additional  30  mm  prior  to  the  uptake  assay  eliminated  the 
effect  of  premcubation  with  ATP.  On  the  other  hand,  extmsive  washing  did  not  inhibit 
the  stimulation  of  the  calcium-dependent  norepinephrine  uptake  in  PC12  cells  obtained 
by  premcubation  with  ATP-y*S  This  result  lends  further  support  for  the  involvement 
of  ectoprotein  kinase  in  this  regulation.  In  preliminary  studies,  we  have  detected  in 
PCI2  cells  incubated  with  extracellular  {y-**P]ATP  a  calcium-dependent  phospho¬ 
rylation  of  a  protein  with  electrophoretic  mobility  close  to  that  seen  previously  in 
synaptosomes.  The  surface  phosphorylation  of  this  protein  has  been  implicated  in 
uptake  regulation.**  The  involvement  of  this  surface  phosphoprotein  in  the  regulation 
of  norepinephrine  uptake  by  extracellular  ATP  can  now  be  directly  investigated  in  a 
homogenous  population  of  PC  12  cells.  Based  on  this  study  we  recommend  the  com- 
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paiison  of  the  effects  of  ATP,  AppNHp.  and  ATP-y^S  as  a  very  us^ul  first  step  in 
investigating  potential  functions  of  ectopfotein  kina^ 

Tbe  involv*ement  of  proteio  phosphorylation  activity  in  processes  that  induce  long- 
lasting  alteration  in  neuronal  function  and  in  mechanisms  underlying  synaptic  plasticity 
has  been  extensively  investigated.^'  A  potential  role  of  extraccllul^  protein  phos¬ 
phorylation  in  these  processes  has  been  suggested  based  on  the  fate  of  released  ATP 
in  the  synaptic  cleft  during  repetitive,  high-frequency  stimulation.”  One  of  the  con¬ 
sequences  of  sudi  repetitive  stimulation  would  be  the  accumulation  of  extracellular 
ATP  in  the  synaptic  cleft  to  levels  that  exceed  100  Ectopfotein  kinase  activity 

with  an  apparent  AT.  for  ATP  in  this  concentration  range  has  been  found  in  neural 
cells.^  Moreover,  extracellular  ATP  at  the  very  same  concentration  was  found  to 
cause  a  half-maximal  increase  of  the  intracellular  level  of  free  calcium  ions  in  these 
cdls.**  Lynch  et  at**  have  presented  evidence  that  the  increased  intracellular  free 
caldura  levels  induced  in  neurons  by  high-frequency,  repetitive  stimulation  plays  a 
key  role  in  the  chain  of  events  leading  to  increased  synaptic  efficacy  in  the  paradigm 
of  long-term  potentiation.^  In  a  recent  <!udy,  induction  of  long-term  potentiation  by 
extracellular  ATP  has  been  directly  demonstrated.^'  It  should  now  be  investigated 
whether  the  ectoprotein  kinase  that  can  be  activated  uniquely  by  the  ATP  concen¬ 
trations  that  are  produced  in  the  synaptic  cleft  during  repetitive  stimulation  could 
help  cause  the  induction  of  long-term  potentiation  Involvement  of  ectoprotein  kinase 
activity  in  neuronal  differentiation  has  also  been  proposed  by  Tsuji  et  al*'  who  found 
that  the  ganglioside  GQib  uniquely  stimulates  the  phosphorylation  of  surface  proteins 
in  the  human  neuroblastoma  cell  line,  GOTO. 


ECTOPROTEIN  KINASE  AND  ENDOGENOUS  SUBSTRATES  AT 
THE  SURFACE  OF  HUMAN  PLATELETS 


Platelets  store  ATP  within  vesicles  called  dense  granules,  and  release  it  upon 
stimulation  of  surface  receptors  by  agonists  such  as  thrombin  and  collagen.  Thus, 
surface  protein  phosphorylation  may  be  involved  in  the  feedback  regulation  of  platelet 
function  by  released  ATP  dunng  aggregation  and  clot  formation  We  have  reported 
on  the  activity  of  ectoprotein  kinase  at  the  surface  of  human  platelets/*  and  have 
pointed  out  that  compared  to  the  surface  protein  phosphorylation  observed  to  date 
in  other  cells,  the  rapid  kinetics  of  this  activity  in  human  platelets  is  unique. 

Multiple  substrates  of  intracellular  protein  kinases  can  be  detected  in  platelets 
incubated  for  30-60  min  with  radioactive  inorganic  phosphate  (see  the  lane  marked 
”P,  in  Fig  4)  Several  proteins  become  labeled  in  platelets  incubated  with  radioactive 
ATP  for  5-10  min  (results  not  shown)  However,  when  washed  human  platelets 
suspended  in  Tyrode’s  buffer  arc  incubated  with  (y-”PjATP  for  5-15  sec,  the  phos¬ 
phorylation  of  only  one  protein  component  can  be  detected  (see  the  lane  marked 
AT”P  in  Fig.  4).  When  the  intracellular  ATP  pools  of  nonstimulated  platelets  are 
labeled  with  ”P„  this  protein  is  not  phrwphorylated  (Fig.  4).  Furthermore,  we  have 
found  that  the  fast  phosphorylation  of  this  surface  protein  in  human  platelets  by 
ectoprotein  kinase  is  followed  by  very  rapid  dcphosphorylation.’®  This  unique,  very 
fast  kinetics  of  phosphorylation-dephosphorylation  of  a  surface  protein  suggests  a  role 
for  this  system  in  the  regulation  of  initial  events  occurnng  dunng  platelet  activation. 
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EXOPROTEIN  KINASES 


Exoenzymes  are  defined  as  activities  that  are  present  in  the  extracellular  environ* 
ment  without  bdng  directly  associated  with  cells,  and  that  can  be  isolated  as  soluble 
protdns.  A  surface-located  protdn  kinase,  when  it  is  released  from  the  cell  to  the 
medium  by  an  exogenous  substrate,”  can  be  referred  to  as  an  exoprotein  kinase 
Exoenzymes  may  occur  naturally  in  the  extracellular  environment  and  act  upon  cell 
surfaces.  A  soluble  protein  kinase  purified  from  blood  plasma  was  shown  to  catalyze 
the  phosphorylation  of  the  co>lagen  receptor  on  the  platelet  surface,  and  this  phos¬ 
phorylation  enhanced  the  responsiveness  of  the  platelets  to  collagen.’’  Exoenzymes 


AT32p  32pi 
MW  X  Id's 


31  - 

21.5- 

14.4- 

15sec  60min 


FIGURE  4.  Extracellular  and  intracellular  protein  phospho¬ 
rylation  tn  human  platelets.  Platelets  were  sedimented  fi-om 
human  platelet-nch  plasma  (PRP)  and  washed  extensively  as 
indicated  previously**  Platelet  suspension  (10*  per  ml)  in  Ty* 
fode’s  buffer  were  incubated  at  37  *C  with  {y'*’P]ATP  ( 10  pM, 
10  pCi  per  reaction)  or  with  inorganic  ”P,  ( I  0  mCi  per  ml  m 
phosphate-free  Tyrodc’s  buffer)  Reactions  were  stopj^  by  so¬ 
lubilization  m  sodium  dodecyl  sulfate,  and  electrophoresis  was 
earned  out  in  a  5-15%  polyacrylamide  gel  gradient  The  au¬ 
toradiograph  shown  here  demonstrates  the  substrates  of  intra¬ 
cellular  protein  kinases  detected  in  platelets  incubated  for  60 
mm  With  inorganic  ”P,  (nght  lane),  and  the  major,  early  sub¬ 
strate  of  the  platelet  ectoprotein  kinase,  which  b^mes  labeled 
when  platelets  arc  incubated  with  radiolabeled  (”P)ATP  for 
15  sec  (left  lane)  Note  tha:  in  nonstimulated  platelets  the 
protein  indicated  by  the  arrow  is  phosphorylated  cxtraccllularly 
but  not  mtracellularly 


may  also  be  stored  within  secretory  vesicles  and  released  to  the  extracellular  envi¬ 
ronment  only  upon  cell  stimulation  and  the  induction  of  active  exocytosts  Our  findings 
suggest  that  an  exoprotein  kinase  of  this  nature  is  associated  with  human  platelets” 
When  washed  human  platelets  were  stimulated  with  thrombin  and  the  aggregated 
cells  removed  by  centrifugation,  a  potent  casein  kinase  activity  v>  '  detected  in  the 
soluble  fraction  (100,000  X  g  supernatant)  prepared  from  the  extiacellular  medium 
After  20  punfied  plasma  proteins  were  tested  as  substrates  for  the  exoprotein  kinase 
released  from  platelets,  it  was  found  that  the  highest  phosphorylation  was  obtained 
with  the  coagu'  tion  protein  called  Factor  V  (and  its  activated  form,  Factor  V,).” 
Another  potent  substrate  for  this  enzyme  was  found  to  be  the  plasma  protein  fibrinogen, 
whose  function  is  to  bndge  aggregating  platelets  Interestingly,  early  in  the  processes 
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of  platelet  aggregation  and  blood  coagulation,  both  fibrinogen  and  Factor  V  bind  to 
specific,  high-afiinity  receptors  at  the  platelet  surface  At  these  binding  sites  they  may 
be  phosphorylated  by  ectoprotein  kinase  using  ATP  secreted  from  the  stimulated 
platelets.  The  finding  of  ecto-  and  exoprotem  kinases  associated  with  platelets  thus 
opens  for  investigation  a  novel  regulatoiy  mechanism  in  hemostatis. 


SUMMARY  AND  CONCLUSIONS 


The  reversible  phosphorylation  of  intracellular  proteins  has  been  established  as  a 
key  regulatory  mechanism  m  numerous  cellular  functions.  In  this  process  the  enzyme 
protein  kinase  transfers  the  y-phosphate  of  ATP  to  fonn  a  covalent  bond  with  specific 
proteins.  Another  line  of  investigation  has  demonstrated  that  extracellular  ATP  is  a 
potent  physiological  regulator  in  various  cellular  systems.  Although  many  of  the 
physiological  effects  of  extracellular  ATP  were  shown  to  be  mediated  by  the  action 


Nerv«  Ending 


FIGURE  5.  Potential  roles  of  extracellular  protein  phosphorylation  systems  in  synaptic  function 
Based  on  the  findings  obtained  to  date  we  have  formulated  the  working  hypothesis  illustrated 
above  Accordingly,  two  types  of  extracellular  protein  kinase  may  operate  in  the  synaptic  cleft' 
a  membrane-bound  ectoprotein  kinase  and  a  soluble  exoprotem  kinase  The  latter  may  be  one 
of  the  proteins  present  in  synaptic  vesicles  and  coreleased  with  neurotransmitter  molecules  and 
ATP  upon  stimulation  Phosphorylation  of  surface  sites  m  ion  channels  could  provide  feedback 
control  over  the  activity  of  (he  releasing  nerve  ending  Phosphorylation  of  receptors  and  other 
surface  proteins  in  target  cells  may  phy  a  role  in  (he  regulation  of  neuronal  responsiveness  to 
hormonal  stimulation  The  surface  phosphorylation  of  celi-adhesion  molecules  and  of  integnns 
could  regulate  cell-cell  interactions  and  synaptogenesis  during  neuronal  development,  and  in¬ 
fluence  adaptive  processes  underlying  synaptic  plasticity.  The  preparation  of  antibodies  that 
interact  specifically  with  the  phosphorylated  »ites  in  each  of  the  surface  phosphoproteins  found 
in  neuronal  cells  will  provide  (he  tools  needed  for  direct  experimental  testing  of  these  hypothetical 
relationships 
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of  purinergic  receptors,  it  is  possible  that  extracellular  protein  phosphorylation  systems 
are  also  implicate  m  the  mechanisms  underlying  the  responsiveness  of  cells  to  ex¬ 
tracellular  ATP.  The  identification  of  ectoprotein  kinases  at  the  surface  of  vanous 
cells  has  provided  evidence  for  the  existence  of  such  mechanisms,  and  revealed  how 
the  regulatory  powers  of  protein  phosphorylation  systems  can  extend  to  the  extra¬ 
cellular  environment  The  versatile  roles  that  extracellular  protein  phosphorylation 
activity  may  play  in  the  regulation  of  cellular  functions  is  underscored  by  the  presence 
of  multiple  protein  substrates  for  this  activity  at  the  cell  surface  Each  such  surface 
phosphoprotein  may  have  a  unique  function.  Figure  S  depicts  the  hypothetical  re¬ 
lationships  between  the  extracellular  ATP  secreted  by  exocytosis  and  the  specific 
physiological  function  of  these  secreting  neurons.  Based  on  findings  described  in  this 
article,  we  propose  that  extracellular  ATP  can  be  utilized  by  two  types  of  extracellular 
protein  kinase,  a  membrane-bound  ectoprotdn  kinase,  and  a  soluble  exoprotein  kinase 
The  exoprotein  kinase  can  originate  by  detachment  of  an  ectokinasc  from  the  cell 
surface,  or  be  an  intravesicular  protein  that  is  corcleased  with  ATP  by  exocytosis 
from  stimulated  cells  Phosphorylation  of  specific  proteins  at  the  surface  of  a  secreting 
cell  may  have  an  important  feedback  control  over  its  own  presynaptic  activity  The 
ectoprotein  kinase  could  exert  this  feedback  regulation  by  phosphorylating  ion  channels 
involved  in  secretion,  and/or  by  phosphorylating  transporters  that  carry  out  the 
reuptake  of  released  transmitter  molecules.  Phosphorylation  of  receptors  can  regulate 
intercellular  communication,  and  phosphorylation  of  integnns  could  regulate  the  in¬ 
teraction  of  the  cell  surface  with  components  of  the  extracellular  matrix.  Although 
most  of  the  relationships  suggested  in  Figure  5  are  still  hypothetical,  it  should  be 
possible  to  test  them  expenmentally  in  a  direct  manner  by  raising  antibodies  against 
the  phosphorylated  sites  of  specific  surface  phosphoproteins  The  ability  of  such  an¬ 
tibodies  to  inhibit  protein  phosphorylation  without  penetrating  the  cells  provides  an 
experimental  paradigm  for  the  direct  testing  of  potential  physiological  functions  of 
ecto-  and  exoprotein  kinase  activities  in  a  variety  of  cells. 
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A  goal  of  many  biochemists  is  to  identify  and  then  to  define  the  role  of  particular 
ammo  acids  within  the  active  and  allostenc  sites  of  enzymes.  One  approach  is  to 
chemically  modify  cntical  ammo  acids  and  to  rely  on  the  specificity  of  the  enzyme 
for  Its  substrate  or  normal  regulatory  compound  to  limit  the  extent  of  chemical 
modification  to  the  region  of  the  active  or  allostenc  sites  In  this  approach,  a  reagent 
is  designed  that  can  react  irreversibly  with  ammo  acid  residues  of  the  enzyme,  but 
that  IS  in  addition  structurally  analogous  to  the  substrate.  Such  a  compound  may 
mimic  the  substrate  m  forming  a  reversible  enzyme  inhibitor  complex  at  a  particular 
site  on  the  enzyme;  the  reactive  functional  group  of  the  reagent  may  then  form  a 
covalent  bond  within  the  active  site  during  the  existence  of  this  complex.  This  is  the 
strategy  termed  affinity  labeling,  which  can  potentially  lead  to  specific  but  irreversible 
attack  within  purified  enzymes,  or  even  of  particular  enzymes  or  receptors  when 
present  in  a  mixture  of  proteins 

Examples  of  such  compounds  are  the  fluorosulfonylbenzoyl  denvatives  of 
nucleosides’  shown  in  Figure  1.  Compound  a  is  S'-p'fluofosulfonylbenzoyl  adenosine 
(5'-FSBA),  which  is  prepared  by  reaction  of  p-fluorosulfonylbenzoyl  chlondc  with 
adenosine.  This  compound  might  reasonably  be  considered  as  an  analogue  of  ADP, 
ATP,  or  NADH.  In  addition  to  the  adenine  and  nbose  moieties,  it  has  a  carbonyl 
group  adjacent  to  the  5'-posit!on,  which  is  structurally  similar  to  the  first  phosphoryl 
group  of  the  naturally  occurring  purine  nucleotides  If  the  molecule  is  arranged  in  an 
extended  conformation,  the  sulfonyl  fiuonde  moiety  may  be  located  in  a  position 
analogous  to  the  terminal  phosphate  of  ATP  or  to  the  nbose  proximal  to  the  nico* 
tinamide  ring  of  NADH  This  sulfonyl  fluoride  moiety  can  act  as  an  electrophilic 
agent  m  covalent  reactions  with  several  classes  of  ammo  acids,  including  tyrosine, 
lysine,  histidine,  senne,  and  cysteine 

In  structure  b,  5'*p-fluorosulfonylbenzoyl  guant^ine  (5'-FSBG),  guanine  replaces 
the  adenine  moiety  in  the  first  denvative.  It  might  be  anticipated  that  this  punne 
nucleotide  alkylating  agent  would  be  specifically  directed  toward  GTP  sites  in  proteins 

Structure  c  is  the  fluorescent  compound  5'-p*fitiorosulfonylbenzoyl-l,A*-cthenoad- 
cnosine  (5'-I^B€A).  This  nucleotide  analogue,  with  a  fluorescence  emission  maximum 
at  412  nm,  may  provide  a  means  of  introducing  a  covalently  bound  fluorescent  probe 
into  nucleotide  sites  m  proteins. 

The  final  compound  is  a  new  bifunctional  affinity  label,  S'<p-fluorosulfonylbenzoyl- 
8»azidoadenosine  (5'-FSBAzA),  containing  both  an  electrophilic  fluorosulfonyl  moiety 
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and  a  photoactivatable  azido  group.^  Following  stoichiometnc  incorporation  of  reagent 
through  the  fluorosulfonyl  at  a  specific  site»  photolysis  of  the  tethered  molecule  can 
lead  to  reaction  with  ammo  acids  adjacent  to  the  residue  that  is  initially  labeled.  This 
two-step  reaction  can  help  to  elucidate  the  tertiary  structure  of  the  enzyme  in  the 
region  of  the  nucleotide  site 

A  different  class  of  nucleotide  analogue  is  illustrated  in  Figure  2  These  are  the 
2-,  6-»  and  8-bromodioxonucleotide  analogues  of  adenosine  S'-diphosphate/  These 
compounds  have  the  adenine,  nbose,  and  5'-diphosphate  of  natural  ADP.  They  are 
water  soluble  and  negatively  charged  neutral  pH.  Tlic  bromoketo  group  is  potentially 
reactive  with  several  nucleophiles  found  in  proteins,  including  cysteine,  histidine. 


(a)  S'  -  PS8A  (b)  S'  *  FS8G 


'-i-O'* 


NM| 

a>- 


(c)5'-FS0eA  (d)  S’-FSBAzA 

FIGURE  1.  Fluorosulfonylbenzoyl  nucleosides  (a)  5'-/>'fluorosulfonylbenzoyl  adenosine;  (b) 
S'-;^fluorosulfonylben£oyl  guanosme,  (c)  5''P'fluorosuironylbenzoyM,A'*-c<henoadenosine,  and 
(d)  5''/NfiuorosuIfonylbeitzoyl'8'aztdoadenosinc. 


tyrosine,  lysine,  glutamic  acid,  and  aspartic  acid.  In  addition,  the  dioxo  group  lends 
the  possibility  of  reaction  with  arginine  residues  Because  of  the  location  of  the 
functional  group  adjacent  to  the  2-,  6-,  and  8-po$ition$,  these  compounds  might  be 
expected  to  react  with  amino  acid  residues  accessible  from  the  punne  region  of  the 
ADP  binding  site  of  enzymes  In  this  paper,  bromodioxobutyl  nucleotides  will  be  used 
to  illustrate  the  types  of  studies  (hat  can  he  conducted  with  punne  nucleotide  affinity 
labels. 

Isocitrate  dehydrogenase  catalyzes  the  oxidative  decarboxylation  of  isocitrate  to 
yield  a-ketoglutarate  and  carbon  dioxide  The  NAD-specific  enzyme  is  regulated  by 
ADP,  which  activates  the  enzyme  by  lowenng  the  A^for  isocitrate  without  changing 
the  maximum  velocity. 
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(«)  2<B0e<TAS'-0P  (b)  6*B0B*TAS’*DP  (c)  8 •  BDB ‘TAS’ •  DP 

FIGURE  2.  Bromodioxobutyl  nucleotide  affinity  labels  (a)  2-[4‘bromO'2,3*dioxobutyl- 
thio]adenosine  S'*dipho$phate,  (b)  6<(4>bromo<2,3-diox(^utyIthiojadencisine  S'>dipho$phate»  and 
(c)  8*[4>broino<2,3*dioxobutylthio]adenosine  S''d>pho$phate 


Incubation  of  isocitrate  dehydrogenase  with  04  mM  2*[4-bromo-2,3*dioxobutyl* 
thio]adenosinc  5'-diphosphate  2«BDB*TADP  (Fig.  2a)  causes  a  time-dependent  in¬ 
activation,  whereas  m  the  absence  of  leagent  no  change  is  observed*  When  0  2-0  4 
mM  2-BDB-TADP  is  present,  a  limiting  value  of  25%  of  the  original  activity  is 
reached,  after  which  no  further  decrease  is  observed.  These  results  suggest  that  the 
reaction  does  not  modify  a  group  essential  for  catalysis  In  order  to  calculate  a  pseudo 
first  order  rate  constant  for  the  decrease  of  enzymatic  activity  by  2-BDB-TADP,  the 
limiting  activity  is  subtracted  from  the  activity  measured  at  each  time  point,  and  a 
semiloganthmic  plot  is  generated,  allowing  the  calculation  of  a  pseudo  first  order  rate 
constant.* 

When  isocitrate  dehydrogenase  was  incubated  with  2-BDB-TADP  over  the  con¬ 
centration  range  002-0.6  mM,  a  nonlinear  dependence  of  the  rate  constant  on  the 
reagent  concentration  was  observed.  This  observation  is  consistent  with  the  initial 
formation  of  a  reversible  enzyme-reagent  complex  pnor  to  the  irreversible  modifi¬ 
cation,  as  IS  expected  for  an  affinity  label.  From  a  plot  of  1/^  versus  1 /(reagent), 
the  maximum  rate  constant  is  estimated  as  0021  min“*,  with  a  A',  value  of  67  /aM. 

Table  1  records  the  effect  of  substrate  and  nucleotides  on  the  rate  constant  for 
inactivation  of  isocitrate  dehydrogenase  by  0  2  mM  2-BDB-TADP.  Addition  of  the 
coenzyme,  NAD,  to  the  reaction  mixture  does  not  decrease  the  rate  of  inactivation, 
and  the  substrate  isocitrate  causes  only  a  2-fold  reduction  in  the  rate  constant.  The 
most  striking  effect  is  produced  by  the  allosteric  activator  ADP.  The  addition  of  I 
mM  ADP  results  in  total  protection  against  the  inactivation  by  2-BDB-TADP.  These 
data  indicate  that  the  inactivation  caused  by  2-BDB-TADP  may  be  attributed  to 
modification  at  the  ADP  allosteric  site  of  the  enzyme  Conformational  changes  m  the 


TABLE  1.  Effect  of  Substrate  and  Nucleotides  on  Rale  of  Inactivation  of  NAD- 
Specific  Isocitrate  Dehydrogenase  by  0  2  mM  2-BDB-TADP 

k  X  10* 


Additions  to  Reaction  Mixture  (min  ') 


None  18  6 

2mMNAD  17  9 

I  mM  Isocitrate  8  0 

1  mM  ADP  0 
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catalytic  site  upon  covalent  binding  of  reagent  to  the  ADP  site  could  be  responsible 
for  the  large  decrease  in  enzymatic  activity 

The  incorporation  of  2«BDB-TADP  was  measured  at  various  times  up  to  120  mm 
during  the  incubation  of  isocitrate  dehydrogenase  with  0.4  or  0.6  mM  reagent.  Ap* 
proximately  one  mol  of  2*BDB*TADP  is  mcorporated  per  mol  of  average  enzyme 
subunit  when  the  enzyme  is  maximally  inactivated,  suggesting  that  this  is  a  limited, 
specific  covalent  modification. 

The  effect  of  the  allostenc  activator  ADP  is  to  lower  the  for  isocitrate  This 
is  shown  in  Table  2,  line  1,  for  native  enzyme,  the  AT^for  total  isocitrate  is  1  8  mM, 
and  this  value  is  decreased  to  0.3  mM  in  the  presence  of  1  mM  ADP.  In  contrast, 
for  2-BDB*TADP*modified  enzyme,  the  AT.  for  total  isocitrate  is  about  the  same  in 
the  absence  or  presence  of  1  mM  ADP.  The  AT.  for  isocitrate  is  not  altered  by  reaction 
with  2-BDB-TADP,  but  the  ability  of  ADP  to  strengthen  the  enzyme-substrate  affinity 
IS  abolished  These  data  suggest  that  2-BDB-TADP  reacts  covalently  at  the  allostenc 
ADP  site  and  prevents  binding  of  free  ADP,  but  docs  not  itself  fulfill  the  structural 
requirements  for  activation  by  nucleotide. 

With  the  goal  of  isolating  the  cntical  peptide  that  was  modified  by  2-BDB-TADP, 
we  first  reacted  isocitrate  dehydrogenase  with  nonradioactive  reagent  and  removed 
the  excess  reagent.  In  order  to  introduce  a  radioactive  label  into  the  2-BDB- 
TADP-enzyme  complex,  the  modified  enzyme  was  then  incubated  with  tntiated 
NaBH4  to  reduce  the  keto  groups  of  the  reagent  that  was  covalently  linked  to  the 
protein.  Following  carboxymethylation  and  digestion  with  trypsin,  the  specific  modified 
peptide  was  isolated  by  two  successive  HPLC  steps  using  a  C-18  column.’  Gas  phase 
sequencing  yielded  the  following  peptide: 

I.  Leu-Gly-Asp-Gly-Leu-Phe-Leu-Gln-CmCys-CmCys-Lys 

The  /3-carboxylate  of  aspartate  is  the  only  nucleophile  in  the  peptide  capable  of 
reaction  with  the  bromodioxobutyl  functional  group  of  the  affinity  label.  Although 
the  phenylthiohydantoin  derivative  of  aspartate  was  detected  at  cycle  3,  radioactivity 
from  the  reduced  incorporated  reagent  was  also  measured  in  aliquots  from  that  cycle 
These  results  suggested  that  the  reagent  was  released  from  the  aspartate  dunng  the 
acid  treatment,  which  is  part  of  the  Edman  reaction  cycle.  It  is  most  likely  that  the 
rarboxylate  of  aspartate  reacts  with  2-BDB-TADP  to  displace  the  bromide  and  form 
an  ester  linkage  to  the  nucleotide  analogue. 

Use  of  the  Scansim  program  to  scan  sequences  in  the  Swiss  Protein  Sequence  Data 
Bank  for  similanty  to  the  peptide  labeled  in  isocitrate  dehydrogenase,  that  is,  peptide 
I,  yielded  the  selection  of  peptides  listed  in  Table  3.  The  amino  acids  at  each  position 
of  the  five  amino  acid  sequences  selected  for  comparison  are  either  identical  or  reflect 
conservative  substitutions  At  position  3,  where  isocitrate  dehydrogenase  has  the 


TABLE  2.  Effect  of  Reaction  of  2-BDB-TADP  with  Isocitrate  Dehydrogenase  on 
for  Isocitrate 


for  Isocitrate 

Without  ADP 

With  1  mM  ADP 

Enzyme  Sample 

(mM) 

(mM) 

Native  enzyme 

18 

03 

Modified  enzyme 

20 

1  8 
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TABLE  3-  Other  Proteins  with  Sequences  Similar  to  Isocitrate  Dehydrogenase 
Peptide  labeled  by  2-BDB-TADP 


Protein  Amino  Acid  Sequence 


NAD*isocitrate  dehydrogenase 

L 

-  G  - 

D  - 

G 

L 

F 

Thymidine  kinase 

1 

-  G  - 

D  • 

T 

L 

F 

Transforming  tyrosine  kinase 

L 

•  G  - 

E  . 

G 

A 

F 

Carbon  catabolite  derepressing  protein  kinase 

L 

-  G  - 

E  - 

G 

S 

F 

Adenylate  cyclase 

L 

-  A  - 

E  . 

T 

L 

F 

ATPase,  protein  6 

M 

-  N  - 

E  ■ 

N 

L 

F 

aspartate  that  is  the  target  of  2‘BDB«TADP,  the  other  sequences  have  an  acidic 
residue,  either  aspartate  or  glutamate  Position  1  is  a  hydrophobic  residue  (leucme, 
isoleucine,  or  methionine)  Position  2  is  usually  a  small  residue  (glycine  or  alanine). 
Position  4  IS  a  small  neutral  residue  (usually  glycine  or  threonine)  Position  S  is  usually 
a  hydrophobic  residue,  and  position  6  is  invanably  phenylalanine  These  proteins  all 
have  ATP  or  ADP  binding  sites,  although  the  aspartate  or  glutamate  residues  have 
not  previously  been  implicated  m  these  functional  sites 

I  want  to  turn  now  to  our  studies  on  pyruvate  kinase,  the  key  glycolytic  enzyme 
that  catalyzes  the  transfer  of  a  phosphoryl  group  from  phosphoenol  pyruvate  to  ADP 
yielding  pyruvate  and  ATP  as  the  products  Considerable  information  is  available 
now  on  the  structure  of  this  enzyme  Complete  ammo  acid  sequences  are  known  for 
several  isozymes,  and^the  amino  acid  sequence  of  the  cat  muscle  pyruvate  kinase  has 
been  fitted  to  the  2.6  A  resolution  electron  density  map.  Affinity  labeling  with  reactive 
nucleotide  analogues  offers  a  complementary  technique  for  investigating  the  active 
site  as  it  exists  when  the  enzyme  is  in  solution 

The  first  analogue  that  we  used  is  2*bromodioxobutylthiO'l,A*’Clhenoadcnosine 
5'-diphosphate  (or  2*BDB*TeA  5'*DP),  shown  m  Figure  3b.  This  reagent  has  all 
the  features  of  the  2-BDB-thioadenosine  derivative  that  was  used  for  isocitrate  de* 
hydrogenase,  but  it  is,  in  addition,  fluorescent.’  When  excited  at  302  nm,  it  exhibits 
a  fluorescence  emission  peak  at  420  nm  This  compound  thus  provides  the  possibility 
of  inserting  a  covalently  bound  fluorescent  probe  at  a  defined  site  of  an  enzyme 
Incubation  of  rabbit  muscle  pyruvate  kinase  with  100-600  piM  2-BDB-TcA  5'- 
DP  resulted  in  a  time-dependent  inactivation  of  the  enzyme.  Biphasic  inactivation 
kinetics  were  observed  that  could  be  described  in  terms  of  a  fast  initial  phase  of 
inactivation  yielding  a  partially  active  enzyme  with  25%  residual  activity,  followed 
by  a  slower  phase  leading  to  totally  inactive  enzyme 

Both  phases  exhibit  a  nonlinear  dependence  of  the  rate  constant  of  inactivation 
on  the  reagent  concentration,  indicative  of  the  initial  formation  of  a  reversible  en¬ 
zyme-reagent  complex  pnor  to  irreversible  modification.  A  double  reciprocal  plot  of 
1 versus  1 /[reagent]  is  linear  for  the  fast  phase,  and  yields  values  of  AT,  =  133 
/iM  and  =  0.193  min~‘  at  saturating  concentrations  of  reagent.  The  slow  phase 
has  a  /Teuithat  is  10  times  lower. 

Pyruvate  kinase  was  incubated  with  200  2-BDB-T€A  5'-DP,  and  the  incor¬ 
poration  of  reagent  into  the  enzyme  was  measured  at  various  times  by  quantitation 
of  the  organic  phosphorus  or  fluorescence  intensity.*  Table  4  shows  the  results  of 
incorporation  as  measured  by  the  organic  phosphorus  at  80  mm.  when  the  enzyme 
IS  90%  inactivated,  about  1.7  mol  of  reagent/mol  enzyme  subunit  is  incorporated. 
Including  either  ADP  +  Mn^*  or  phosphoenol  pyruvate  -f  K*  +  Mn**  m  the 
rciction  mixture  caused  a  substantial  reduction  in  the  percentage  of  inactivation  at 
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80  min,  as  well  as  a  decrease  in  the  reagent  incorporation  to  about  1  mol/mol  enzyme 
subunit.  These  results  indicate  that  2-BDB-TcA  5'*DP  reacts  with  two  groups  on  the 
enzyme,  one  of  which  is  at  or  near  the  active  site. 

In  order  to  identify  the  ammo  acids  that  were  reacting,  modified  enzyme  was 
prepared  by  incubating  pyruvate  kinase  with  2-BDB-TeA  5'-DP  either  in  the  absence 
or  in  the  presence  of  phosphoenol  pyruvate,  K*,  and  Mn^*.  The  isolated  enzymes, 
freed  of  reagent,  were  reduced  with  [’H)NaBH4to  introduce  the  radioactive  tag;  the 
enzymes  were  then  carboxymethylated  and  digested  with  trypsin. 

The  tryptic  digest  was  applied  to  a  phenylboronate-agarose  column,  which  forms 
a  reversible  complex  with  the  m«hydroxyl  groups  of  the  nbose  of  the  nucleotide 
analogue  Nucleotidyl  peptides  are  selectively  adsorbed  to  the  column  in  pH  8  buffer, 
while  the  many  unmodihed  peptides  are  not  retained.  The  diol-borate  complex  is 
dissociated  by  decreasing  the  pH  or  the  salt  concentration  The  majority  of  the  peptides 
was  eluted  with  50  mM  ammonium  bicarbonate  buffer,  pH  8  0,  in  the  void  volume 
The  column  was  subsequently  washed  with  deionized  water  to  elute  the  bound  nu¬ 
cleotidyl  peptides.  This  water  peak,  which  contained  91%  of  the  ethenoadcnosine 
fluorescence  and  only  a  small  Ai2o»«  peak,  was  pooled  and  fractionated  further  by 
reverse-phase  HPLC  using  a  tnfluoroacetic  acid  solvent  system 


TABLE  4.  Effect  of  Substratcs  on  Inactivation  of  Pyruvate  Kinase  by  2-BDB-TcADP 
and  on  Reagent  Incorporation  by  Enzyme 


Additions  to  Reaction  Mixture 

Inactivation 

(%> 

Incorporation 
(mol/mol  subunit) 

None 

1.5  mM  ADP  +  2  mM 

90 

1.67 

MnSO, 

45 

096 

5  mM  Phosphoenol  pyruvate 
+  100  mM  KCI  +  2  mM 

MnSO, 

14 

1.06 

Tryptic  digests  from  the  inactive  modified  enzyme  yielded  two  peptides  with  the 
following  sequences. 


II  Asn-lle-Cys'^'-Lys 

III  Ile-Thr-LcU'Asp-Asn-Ala-Tyr*”-Met'Glu-Lys 

Only  peptide  II  was  isolated  from  digests  of  pyruvate  kinase  that  had  been  modified 
in  the  presence  of  phosphoenol  pyruvate  and  had  therefore  retained  most  of  its  activity 
Because  peptide  II  is  labeled  equally  whether  the  enzyme  is  active  or  inactive,  it 
cannot  be  essential  for  activity  It  is  modification  of  peptide  III  that  is  associated  with 
inactivation.  The  nonessential  peptide  II  is  a  tetrapcptide  that  contains  cysteine-164 
as  the  target  of  the  reagent.  The  important  peptide  III  is  a  decapeptide  in  which 
tyrosine-147  is  modified  Reaction  of  2-BDB-T€A  5'-DP  with  this  residue  leads  to 
inactivation.* 

The  structure  of  muscle  pyruvate  kinase  in  the  ci  ystalline  state  has  been  determined 
by  Muirhead  et  aV  The  active  site  is  thought  to  he  in  a  pocket  between  Domain  A 
and  Domain  B,  with  tyrosme-147  being  located  at  the  entrance  to  the  active  site 
Specific  reaction  of  tyrosine-147  with  2-BDB-TcA  5'-DP  causes  loss  m  activity.  Cys- 
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tdne-164  is  an  internal  residue  in  Domain  B.  Its  position  outside  the  active  site  is 
consent  uith  its  modification  having  little  efliect  on  cata]>'$is. 

As  a  second  nucleotide  analogue  for  probing  the  active  site  of  pyruvate  kinase, 
VC  ^ntbesized  S^4*bromo-23^oxobut)ltiiio]adenosine  di«  and  triphosphates  (S' 
BDB-TADP  and  S-BDB-TATP,  respcctiv'dyX  as  illustrated  in  Figure  2c.*  We 
thought  that  the  placement  of  xht  brcmoketo  group  adjacent  to  the  S-porition  of  the 
adenine  ring  might  allow  the  compound  to  react  differently  from  2-BDB'TeA  5  >DP. 
Furthermore,  h  is  known  that  nudeotides  featuring  substituents  at  the  2'position  of 
the  purine  ring  exist  predominantly  in  the  anti  conformation  about  the  purine-ribose 
bond;  whereas  nucleotides  with  substituents  in  the  S>position  exist  predominantly  in 
the  syn  conformation.  Although  the  two  nucleotide  analogues  were  known  to  tod 
essentially  to  the  same  site  on  the  enz3*me,  it  seemed  likely  that  difierent  amino  add 
sidechains  might  be  available  to  the  bromoketo  p’oups,  which  are  tethered  to  dtfaer 
the  Imposition  or  the  8*position  of  the  purine  ring. 

Incubation  of  pymv'ate  kinase  with  175  |iM  S^BOB-TADP  or  S-BDB-TATP  at 
pH  7.0  and  25  *C  caused  a  biphasic  inactivation.  The  reactions  of  the  two  analogues 
are  similar,  but  the  rate  constant  for  the  triphosphate  derivative  is  about  three  times 
greater  than  that  of  the  diphosphate  compound.' 

Incorporation  of  reagent  into  the  en^’me  w'as  measured  at  various  times  during 
the  incubation  by  quantitation  of  the  organic  phosphorus.  The  triphosphate  derivative 
is  more  spedfic,  exhibiting  lower  incorporation  for  a  higher  degree  of  inactivation.  At 
80  min,  2  05  mol  of  S-BDB'TATP  per  mol  enzyme  subunit  is  incorporated  when  the 
enzyme  has  lost  97%  of  its  original  activity. 

Protection  against  inactivation  by  S'BDB'TATP  is  provided  by  vanous  combi* 
nations  of  substrates  In  the  presence  of  phospboenol  pyruvate  +  K  *  +  Mn**,  the 
enzyme  loses  only  lS-20%  of  its  activity,  and  the  incorporation  of  reagent  is  reduced 
to  about  1  mol/mol  enzyme  subunit.  These  results  suggest  that  S'BDB'TATP  reacts 
with  two  groups  on  the  enzyme,  one  of  which  is  at  or  near  the  active  site. 

The  residues  modified  by  8*BDB-TATP  have  been  identified  by  reduction  of  the 
modified  enzyme  with  [  ^H]NaBH4.  carboxymethylation  of  the  free  cysteines,  digestion 
with  trypsin,  and  purification  of  the  resultant  peptides  on  a  phenylboronate  agarose 
column  followed  by  HPLC’  The  two  cystdnc’modified  peptides  that  were  identified 
in  the  digest  of  inactive  enzyme  modified  by  S-BOB-TATP  in  the  absence  of  substrates 
are  shown  below: 


IV.  Asn-llc-Cys'^-Lys 

V,  Cys‘”-Asp-Glu*Asn*Ilc*Lcu-Trp-Leu*Asp-Tyr-Lys 

Cy$te]ne'164  and  cysteine-lSI  were  the  ammo  acid  targets  of  this  affinity  label 
Reaction  in  the  presence  of  (he  protectants  phosphoenol  pyruvate,  K**^,  and  Mn*^ 
yielded  Asn-Ilc*Cys-Lys  as  the  only  labeled  peptide,  with  cysteine*  164  as  the  labeled 
residue.  This  is  the  same  residue  modified  by  the  2*substituted  nucleotide  analogue 
under  protecting  conditions  Although  cys(eine*164  i$  clearly  not  required  for  activity 
and  1$  internal,  it  appears  to  be  favorably  positioned  to  react  with  nucleotide  analogues 
The  major  residue  responsible  for  inactivation  of  pyruvate  kinase  by  8-BDB-TATP 
seems  to  be  cy$teine*]51  ’  This  result  contrasts  with  the  finding  that,  in  the  case  of 
2-BDB-TeA  5'*DP,  it  is  modification  of  lyrosinc-147  that  is  responsible  for  loss  in 
enzyme  activity  The  distance  between  the  a*carbons^of  cysteinc*151  and  tyrosine* 
147  m  the  crystal  structure  of  pyruvate  kin^  is  8  9  A  Because  the  target  residues 
of  the  two  affinity  labels  arc  approximately  9  A  apart,  (he  question  arises  as  to  whether, 
if  the  nuciMtide  moieties  were  supenmpe^ed,  the  reactive  -CHjBr  groups  would  be 
situated  9  A  apart 
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The  Structure  of  2'BDB*T4A  S'-DP  is  sbonii  in  Figure  4a  in  theonri  conformation 
about  the  purine-ribose  bond.  In  Figure  4b  on  the  bottom,  the  structure  of  8*BDB- 
TATP  is  pictured  in  the^’’^  conformation  about  the  purine- ribose  bond.  In  the  middle, 
the  two  structures  are  superimposed  so  that  the  ribose  and  phosphates  coincide. 


FIGURE  4.  Companson  of  Ihc  structures  of  (a)  2-BDB-TcA  5’-DP  and  (b)  8*BDB-TATP 


Although  a  range  of  distances  between  the  two  -CHiBr  groups  is  possible,  it  is 
energetically  permissible  to  arrange  the  compounds  on^the  enzyme  such  that  the 
distance  between  the  reactive  groups  coincides  with  the  9  A  distance  between  cysteine- 
151  and  tyrosine-147.  If  the  punne,  nbose,  and  phosphates  bind  similarly  to  the 
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ciixym^  the  experimental  results  from  affinity  bbeling  are  thus  consistent  mth  the 
atomic  positions  assumed  by  the  en^me  in  the  crystalline  form. 

We  have  tried  to  present  a  rq)resentative  sampling  of  the  studies  in  which  we  use 
purine  nucleotide  affinity  labels.  We  are  hopeful  that  these  various  analogues  will  not 
only  be  useful  for  our  own  experiments,  but  that  they  will  also  be  valuable  to  other 
laboratories  in  exploring  nucleotide  sites  in  a  variety  of  protdns.  The  5  >;7*fluorosul> 
fonylbenzoyl  adenosine,  which  was  the  first  of  the  reactive  nucleotide  analogues  that 
we  describ^  has  already  been  found  to  yield  specific  labeling  of  NAD  sites  in  several 
dehydrogenases  and  reductases.'^  It  has  also  labeled  ATP  or  ADP  binding  sites  in 
many  kinases  and  synthetases,  in  addition  to  providing  an  effective  handle  for  ex* 
amining  an  ADP  receptor  protein  of  platelet  membranes.  Furthermore,  it  has  modified 
spedfic  nucleotide  sites  in  such  diverse  protdns  as  the  ATPases,  actin,  myosin,  lu- 
dfoase,  and  oxoprolinase."*  We  antidpate  that  the  fluorosulfonylbenzoyl  derivatives 
of  guanosine,  ethenoadenosine,  and  azidoad^orine,  as  well  as  the  new  and  8' 
bromodioxobutylthio  ADP,  will  also  have  widespread  applications  to  the  elucidation 
of  purine  nucleotide  sites  in  enzymes  and  receptors 
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Extracellular  ATP  (ATP^)  tnggcrs  a  variety  of  responses  in  mast  cells,  macrophages, 
polymorphonuclear  granulocytes,  and  lymphocytes:  activation  of  secretion,  inhibition 
of  phagocytosis,  generation  of  known  intracellular  second  messengers,  depolarization 
of  plasma  membrane  potential,  and  permcabilization  of  the  plasma  membrane  to  low 
molecular  weight  aqueous  solutes  It  is  also  documented  that  a  prolonged  exposure 
to  ATPpis  eventually  lytic  to  most  cell  types  so  far  tested  Cellular  responses  to 
ATP^  are  thought  to  be  mediated  by  surface  receptors;  the  physiological  role  of  such 
receptors  is,  however,  still  mystenous. 

In  two  recent  studies,**  we  have  observed  that  lymphocytes  with  cytotoxic  activity 
are  highly  insensitive  to  the  lethal  effects  of  ATP*.  While  ATP*  caused  depolanzation 
of  plasma  membrane  potential,  a  nse  in  DNA  breakdown,  and  eventually 

lysis  in  several  lymphoid  cells,  none  of  these  alterations  was  detectable  m  a  cytotoxic 
T  lymphocyte  (CTL)  clone  (clone  CHM-14),  in  the  CTL  line  CTLL«L2,  in  lym- 
phokine^activated  killer  (LAK)  cells,  or  m  pentoneal  exudate-denved  cytotoxic  T 
lymphocytes  These  serendipitous  observations  suggested  to  us  that  ATP*  had  a  role 
in  celbmediated  cytotoxicity  (Fig  1). 

The  molecular  meclianism(s)  of  CTL*mediated  lysis  is  not  yet  understood,  ah 
though  several  soluble  cytolytic  factors  have  been  proposed  as  “killer”  molecules, 
among  them  perfonn  being  probably  the  most  popular.’  As  an  alternative  to  a  fully 
passive  role  of  the  target  in  the  lytic  process,  and  m  the  light  of  the  observation  that 
one  of  the  earliest  alterations  detectable  during  CTL-mcdiatcd  lysi^  is  disintegration 
of  target  DNA,‘^  it  has  been  proposed  that  the  target  itself  collaborates  in  its  own 
lysis  by  activating  an  endogenous  “suicide”  program. 

ATP*  causes  many  of  the  cellular  alterations  desenbed  during  cell-mediated  lysis 
Cells  that  are  resistent  to  cytotoxic  lysis  aic  also  resistent  to  ATP*,  and  development 
of  ATP*  resistance,  when  studied  in  LAK  cells,  correlates  stnctly  with  acquisition  of 
cytotoxic  activity  and  resistance  to  cell-mediated  lysis.*  Furthermore,  it  has  also  been 

°This  work  was  supported  by  the  Ministry  of  Public  Education  of  Italy  (40%  and  60%),  the 
Consiglio  Nazionale  delle  Ricerche,  the  Associarione  Iialiana  per  la  Ricerca  sul  Cancro,  and 
the  Centro  Interuniversitario  per  la  Ricerca  sul  Cancro 
*  Address  for  correspondence  Institute  of  General  Pathology,  University  of  Padua,  Via  Tneste 
75,  1-35131  Padua,  Italy. 


427 


428 


ANNALS  NEW  YORK  ACADEMY  OF  SOENCES 


t  f. Target  recognition  structures 
V  Y*CTL  recognition  structures 
^TP 

V-ATP  receptor 


FIGURE  1.  Schematic  representation  of  a  hypothetical  lytic  mechanism  based  on  the  release 
of  ATP  from  a  CTL  engaged  by  its  target.  Binding  of  recognition  structures  on  the  CTL  membrane 
tnggers  local  ATP  release  in  the  pouch  between  the  CTL  and  the  target  Released  ATP  diffuses 
onto  the  target  plasma  membrane  and  activates  specific  ATP  receptors.  Ligation  of  these  receptors 
causes  lesions  on  the  target  plasma  membrane  and  the  efllux  of  endogenous  monovalent  cations 
and  nucleotides  The  CTL  itself  t$  immune  to  ATP«  because  it  lacks  receptors  for  ATP,  ATP 
diffusing  out  of  the  contact  pouch  would  be  quickly  diluted  and  hydrolyzed  by  cell  surface  ecto- 
ATPases 


recently  claimed  that  ATP  is  secreted  by  CTLs."  Finally,  to  underscore  the  danger 
of  being  exposed  to  a  high  concentration  of  ATP,,  jt  should  be  noted  that  most  cells 
are  cquipp^  with  powerful  ecto«ATPases  that  would  prevent  ATP,  from  accumulating 
tn  dangerous  amounts  in  the  vicinity  of  the  surface  of  the  plasma  membrane.^ 

In  view  of  these  considerations,  we  suggest  a  role  for  ATP,  in  celhmcdiaied 
cytotoxicity  (Fig.  1). 
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Platelet  serotonin  and  ATP  may  participate  significantly  in  the  maintenance  of  vascular 
tone  and  hemostatic  processes  under  normal  and  pathological  conditions.  We  have 
previously  shown  that  extracellular  ATP  may  modulate  platelet  function  by  phos¬ 
phorylation  of  surface  proteins  and  increasing  cAMP  levels  ’  Bleeding  times  were 
found  to  correlate  with  platelet  release  of  ATP  and  serotonin  content  in  renal  failure 
patients.*  To  further  explore  the  function  of  serotonin  and  ATP  within  the  circulatory 
system,  we  analyzed  their  effect  on  platelet  aggregation  and  artenal  contraction. 

ATP  and  its  nonhydrolyzable  analogues,  a,/J-methylene  adenosine  5'*tnpho$phate 
(a,/3«ATP)  and  /J.-y-methylene  adenosine  5'«triphosphate  (/J,y*ATP),  were  employed 
in  these  studies.  ATP  and  its  analogues  (36«200  ^M)  inhibit  collagen-induced  platelet 
aggregations  at  similar  levels  in  iMth  whole  blood  and  platelet-nch  plasma  (PRP) 
(Table  1),  indicating  that  ATP  and  not  a  metabolite  is  active  Small  sample  size 
within  many  expenmental  groups  accounts  for  several  nonsignificant  p  values.  A  clear 
trend,  however,  is  established.  Similar  results  were  observed  with  ADP-mduced  ag¬ 
gregations,  however,  the  ATP  analogues  were  not  as  effective  as  ATP  and  were  virtually 
inactive  with  PRP  (Table  1),  indicating  that  a  whole  blood  factor  may  be  involved 
ATP  (180  fiM)  added  to  maximally  ADP-  or  collagen-induced  aggregated  platelets 
partially  revers^  aggregation.  Both  a,/J-ATP  and  /J,7-ATP  reversed  collagen-induced 
platelet  aggregates  to  levels  similar  to  those  attained  with  ATP,  but  neither  analogue 
was  as  effective  as  ATP  with  ADP-induced  aggregates  (data  not  shown).  ATP  and 
its  analogues  may  act,  in  part,  via  signal  transduction  to  increase  platelet  cAMP 
(Table  1). 

Serotonin  functions  as  a  vasoconstnetor,  vasodilator,  and  platelet  agonist,  de¬ 
pending  upon  Its  concentration  and  receptor  type  occupancy  At  1-30  ^M,  serotonin 
induced  constnction  of  large  (>l  mm)  and  small  (150-250  ^M)  rat  pulmonary 
artenes  (data  not  shown).  ATP,  ADP,  and  /5,y-ATP  ( 16  nM  - 1  8  ^M)  relaxed  whereas 
a,j3'ATP  enhanced  serotonin-mduced  contraction  of  large  artenes  (Fig.  1A).  The 
endothelial  cells  appear  to  participate  in  these  responses  since  the  effects  of  ADP  and 
of  ATP  and  its  analogues  were  greatly  diminished  with  the  deendotheiialized  artery 
(as  demonstrated  by  response  to  acetylcholine)  (Fig.  1B)  ATP  and  its  analogues  (20 
nM- 1.8  fiM)  enhanced  serotonm-induced  contraction  of  small  artenes,  with  the  a,/8- 
analogue  being  most  effective  (Fig  IC) 

If  an  artery  is  injured,  a  cascade  of  events  is  elicited  to  rapidly  prevent  blood  loss 
Included  in  this  process  is  the  physiological  activation  of  platelets  by  collagen  and 
ADP  resulting  in  the  adhesion  of  the  platelets  to  the  damaged  blood  vessel  wall  and 
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FIGURE  1.  Modulation  of  $<rotonin«induccd  conii'action  of  rat  pulmonary  artery  by  ADP. 
ATP,  and  ATP  analogues  All  responses  were  measured  at  37  *C  m  K*>free  physiological  salt 
solution  in  20‘mt  volumes,  aerated  with  5%  CO2  Contractions  were  initiated  with  10*30  pM 
serotonin  followed  by  the  addition  of  various  concentrations  of  ADP,  ATP,  a,/5'ATP,  or  0,y- 
ATP  After  each  senes  of  responses,  the  artery  was  relaxed  back  to  baseline  with  physiological 
salt  solution  washes.  (A)  Expenments  conducted  with  a  2>mm  artenal  fragment  ( >  1  mm 
diameter)  with  an  intact  endothelium  (B)  Expenments  conducted  with  an  artenal  nng  as  in 
A,  the  nng  in  these  expenments  being  deendothehalized  by  inversion  and  passage  of  air  over 
tissue  (C)  Expenments  conducted  with  an  artenal  nng  as  m  A,  the  nng  in  these  expenments 
being  <  2S0  fiM  m  diameter. 


the  release  of  ATP  and  serotonin.  Our  observed  ATP*mduced  vasodilation  of  scro* 
tonm*contracted  large  artenes  ( >  1  mm)  could  affect  vessel  architecture  at  the  injury 
site  and  may  be  sufficient  to  cause  vortexes,  which  have  been  shown  to  promote  platelet 
aggregation  and  adhesion  (clot  formation)’  In  artenes  less  than  250  jxM,  ATP  en* 
hances  serotonin*mduced  contraction.  This  would  alter  the  geometry  of  the  vessel 
wall  and  increase  shear  rates.  This  has  been  shown  to  enhance  platelet  adhesion  to 
the  vessel  wall’  and  would  promote  hemostasis 
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Extracellular  ATP,  at  5-SO  ^M,  had  little  or  no  mitogenic  activity  alone,  but  it  was 
able  to  greatly  enhance  ( ’Hjthymidine  mcorporation  in  quiescent  cultured  cells  treated 
with  agents  such  as  epidermal  growth  factor  (EOF),  phorbol  12*tetradecanoate  13* 
acetate  (TPA),  insulin,  or  platelet*derived  growth  factor  (PDGF)  Increases  in  the 
cell  number  and  in  the  percentage  of  cell  nuclei  labeled  with  pHJthymidine  were  also 
observed.  Similar  responses  were  obtained  with  the  ATP  analogue,  AMP-PNP,  and 
with  ADP,  whereas  UTP  and  ITP  had  little  or  no  activity  (Table  1) 

Evidence  that  ATP  and  ADP  were  acting  as  nucleotides  and  not  merely  as  a 
source  of  adenosine  has  been  published.'  Part  of  this  evidence  is  based  on  the  fact 
that  ATP  was  a  competence  factor  that  needed  to  be  present  for  only  45  min,  during 
which  time  little  or  no  adenosine  was  formed  Then  it  could  be  washed  away  and 
replaced  by  a  progression  factor  such  as  insulin.  Excellent  stimulation  of  DNA  syn¬ 
thesis  resulted  (Fig  1). 

Extracellular  ATP  stimulates  a  number  of  the  early  events  observed  when  well- 
known  growth  factors  were  presented  to  mammalian  cells  (see  Rozengurt^  for  a 
review)  These  early  signals  include  the  stimulation  of  the  rate  of  Na^,  K^,  deoxy- 
glucose,  a-aminoi$obutyric  acid,  and  undine  entry  and  the  enhancement  of  ornithine 
decarboxylase  activity  (in  preparation;  literature  for  ATP  reviewed  by  Gonzalez  et 
aV). 

In  addition,  studies  from  this  and  other  laboratones’  showed  that  ATP  given  to 
quiescent  cells  causes  a  transient  elevation  of  cytosolic  Ca**  and  stimulates  Ca*^ 
efflux  as  well  as  the  formation  of  inositol  phosphates  Thus  ATP  resembles  growth 
factors  that  activate  inositol  phospholipid  metabolism  and  thereby  bnng  about,  in 


“This  work  was  supported  by  grants  from  the  Cornell  Biotechnology  Program,  the  National 
Institutes  of  Health  (DKl  1789),  and  the  Amencan  Cancer  Society  (BCSOl  A) 
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TABLE  j.  Effect  of  Various  Nucleotidies  and  Nucleosides  on  DNA  Synthesis 
Stimulation  by  Growth  Factors  in  Swiss  3T3  and  3T6  Fibroblasts' _ 


Increase  in  (’H]Thymidme  Incorporation' 

Swiss  3T3  Fibroblasts 

Swiss  3T6  Fibroblasts 

Addition  of 

Nucleotide  or  No 

Nucleoside*  Supplement 

TPA 

(20  ng/ml) 

EGF  No 

(10  ng/ml)  Supplement 

Insulin 
(500  ng/ml) 

PDGF 
(2.5  ng/ml) 

None 

10 

120 

8.1 

1.0 

141 

15  2 

Low  or  No  Synffgtsm 

GTP 

1.1 

15  6 

7.9 

1.1 

15.8 

19.3 

UTP 

12 

14.9 

80 

15 

17.1 

19  4 

AMP 

1.5 

160 

13.9 

1.9 

140 

150 

Adenosine 

24 

186 

124 

1.2 

14  3 

14  4 

Potent  Synergism 

ATP 

28 

24  0 

28  8 

2.6 

35.6 

32.2 

AMP.PNP 

2.7 

24.8 

25  2 

26 

34  9 

305 

ADP 

3.1 

25  4 

262 

2.5 

324 

300 

*The  3T3  and  3T6  cells  were  plated,  made  quiescent,  and  cxammed  for  ('HJthymidinc  in¬ 
corporation  as  described ' 

*All  nucleotides  and  nucleosides  were  added  at  SO  Note  good  synergism  with  ATP, 
AMP-PNP«  and  ADP.  (Synergism  is  heie  meant  to  indicate  more  than  additive  effects)  By 
contrast,  adenosine  was  totally  inactive  in  3T6  cells  when  combined  with  insulin  or  PDGF 
*  Each  entry  m  the  body  of  the  table  below  this  heading  represents  a  fold-increase  with  respect 
to  a  control  value  (Control  values  represent  the  incorporation  of  [’H]thymidine  into  cultures 
incubated  in  serum-free  growth  medium  alone— 1235  cpm/dish  for  3T3  cells;  1703  cpm/dish 
for  3T6  cells )  The  subheadings  indicate  either  the  effect  of  nucleotides  or  adenosine  with  no 
further  supplementation  (No  Supplement)  or  the  effect  of  other  growth  factors  (TPA,  EGF, 
Insulin,  or  PDGF)  The  hrst  line  in  the  body  of  the  table  indicates  stimulation  achieved  by  other 
growth  factors  alone  Subsequent  lines  indicate  (he  effects  of  various  combinations 


FIGURE  1.  Extracellular  ATP  is  a  competence  factor.  In  preparation  for  the  two  competence 
assays  (A  &  B)  and  the  one  conventional  assay  (C)  shown  ab«ve,  3T3  mouse  hbroblasts  were 
plated,  made  quiescent,  and  examined  for  [  ’H](hymidme  incorporation  as  desenbed.'  (A)  Cells 
were  incubated  at  37  'C  in  1  1  DMEM.Waymouth  serum-free  medium  with  various  levels  of 
ATP,  as  shown,  for  45  min  After  ATP  was  removed  by  washing,  the  cells  were  again  incubated, 
this  time  for  40  hr  in  the  presence  of  500  ng/nil  insulin  (B)  Similar,  except  that  levels  of  ATP 
and  insulin  were  fixed  at  50  and  500  ng/ml,  respectively,  and  the  time  of  contact  with 
ATP  was  vaned  as  shown  (C)  Cells  were  incubated  with  ATP  (50  f*M)  plus  insulin  (500  ng/ 
ml)  for  40  hr  The  stimulation  of  DNA  synthesis  compares  favorably  with  that  obtained  with 
500  ng/ml  insulin  plus  10  ng/ml  EGF 
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parallel  fashion,  activation  of  protein  kinase  C  and  elevation  of  cytosolic  Ca^*.  How* 
ever,  recent  results  on  3T6  cells  obtained  tn  collaboration  with  Dr.  E  Rozengurt* 
show  that  extracellular  ATP  does  not  activate  protein  kinase  C.  The  fact  that  TPA, 
an  activator  of  protein  kinase  C,  showed  powerful  synergistic  stimulation  of  DNA 
synthesis  in  the  presence  of  ATP  also  suggests  that  ATP  itself  does  i.ot  function  by 
activating  this  kinase  ’  Furthermore,  we  have  found  that  incubation  of  Swiss  3T6  cells 
with  10  ng/ml  PDGF  for  IS  min  caused  an  increase  in  the  level  of  diacylglycerol; 
however,  a  similar  incubation  with  100  ;iM  ATP  did  not  stimulate  the  accumulation 
of  diacylglycerol  (in  preparation).  Finally,  we  observed  that  down-regulation  of  protein 
kinase  C  by  prolonged  preincubation  of  3T3  or  3T6  cultures  with  phorbol  esters  did 
not  prevent  synergistic  stimulation  of  DNA  synthesis  by  ATP  plus  insulin  We  con* 
elude  that  ATP  activates  a  pathway  leading  to  DNA  synthesis  that  remains  to  be 
elucidated.  We  are  aware  of  no  prior  studies  except  for  one  report*  in  which  thymocytes 
given  ATP  plus  TPA  resembl^  lectins  in  their  mitogenic  response 
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Cells  of  the  adrenal  medulla  (chromaffin  cells)  cosecrete  catecholamines  and  nucleo¬ 
tides,  chiefly  ATP  To  investigate  possible  effects  of  ATP  on  secretion  it  is  important 
to  minimize  the  unquantifiable  effects  of  secreted  ATP.  We  accomplish  this  by  studying 
the  effects  of  exogenous  ATP  on  cultured  cells  m  a  constant  stream  of  buffer  that 
quickly  dilutes  and  washes  away  stcrebxl  compounds  Cells  are  cultured  on  flbrmectm- 
coated  quartz  plates  that  become  part  of  a  20^^1  chamber  through  which  buffer  flows 
constantly.  Stimulants  are  injected  into  the  stream  via  an  HPLC-type  sample  loop 
The  chamber  is  put  into  a  fluorometer  so  that  cytosolic  Ca*  transients  can  be  monitored 
in  fura-2-Ioaded  cells.  Secreted  catecholamines  are  detected  downstream  electrochem- 
ically  to  measure  secretion  simultaneously  with  Ca^^  transients 

ATP  alone  (5- 100  ^M)  will  stimulate  secretion.  ATP  also  rapidly  increases  inositol 
tnphosphate  turnover  and  causes  a  nse  in  cAMP  that  plateaus  in  15  min  dunng 
continuous  ATP  perfusion  Cytosolic  Ca**  is  elevated  by  extracellular  ATP  both  m 
the  presence  and  absence  of  extracellular  Ca^*.  Most  of  the  rise  is  from  intracellular 
stores,  but  secretion  requires  extracellular  Ca**.  UTP  elevates  cytosolic  Ca^"^  but  does 
not  stimulate  secretion  in  the  presence  or  absence  of  extracellular  Ca^^ 

When  cells  are  stimulated  for  5-10  sec  by  a  nicotinic  agonist,  l,l'dimcthyl-4- 
phcnyipiperazimum  chlondc  (DMPP),  or  by  elevated  K*,  secretion  is  enhanced 
30-50%  by  simultaneous  addition  of  ATP  Enhancement  of  secretion  by  ATP  is 
associated  with  an  elevated  cytosolic  Ca^*  transient  Surprisingly,  enhancement  of 
secretion  appears  not  to  be  simply  additive  secretion  expected  from  ATP  stimulation 
Pretreatment  of  cells  with  cholera  toxin  (Ctx)  has  little  or  no  effect  on  ATP-stimu- 
lated  secretion  but  completely  blocks  the  enhancing  effect  of  ATP  added  with  DMPP 
or 

If  cells  arc  exposed  to  ATP  prior  to  stimulation  by  DMPP  or  K^,  the  enhancing 
effect  gives  way  to  an  inhibitory  effect  that  reaches  a  plateau  at  30%  inhibition  within 
3  min.  The  inhibitory,  but  not  the  enhancing  effect  of  ATP,  is  mimicked  by  ADP, 
which  is  marginally  more  potent  than  ATP.  Inhibition  by  ATP  is  seen  instantly  and 
increases  over  the  same  time  course  as  the  ATP  effect. 

Although  Ctx  pretreatment  of  cells  does  not  aher  the  inhibitory  effects  of  ATP 
and  ADP,  pretreatment  with  pertussis  toxin  (Ptx)  eliminates  ihe  inhibitory  effects 

®This  work  was  supported  m  part  by  the  U  S  Public  Health  Service  (1-RO1-NS26606) 
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while  leaving  the  enhancement  by  ATP  unchanged  Ptx  also  does  not  alter  significantly 
the  ability  of  ATP  to  trigger  secretion. 

When  cells  are  pretreated  with  Ctx  or  Ptx,  ATP  or  its  active  analogues  protect 
specific  G  proteins  from  ADP^nbosylation  This  is  shown  by  subsequent  treatment 
of  disrupted  cells  or  isolated  membranes  with  [”P)NAD  plus  fresh  toxins.  Western 
blots  identify  the  ATP*protected  Ctx  substrate  as  G.  Antib<^ics  now  available  suggest 
that  the  ATP-protccted  Ptx  substrate  is  G,„  but  possibly  Gj. 

Because  cAMP  is  elevated  by  ATP  but  not  ADP,  cAMP  cannot  mediate  the 
inhibitcry  response.  Pretreatment  of  cells  with  forskolm  to  raise  cAMP  10-fold  does 
not  preempt  the  enhancing  effect  of  ATP,  so  cAMP  does  not  appear  to  be  on  the 
pathway  of  enhancement.  Protein  kinase  A  activation  also  seems  much  too  slow  to 
account  for  the  instantaneous  activation  by  ATP. 

Hydrolysis  of  phosphatidylinositol  phosphate  stimulated  by  ATP  or  its  analogues 
produces  a  complex  pattern  of  inositol  phosphate  metabolites.  This  pattern,  so  far, 
shows  no  simple  relationship  to  enhancement  or  inhibition. 

The  effects  desenbed  all  have  Ao,,  for  ATP  in  the  range  of  5-10  ^M.  The  secretory 
vesicles  contain  ATP  at  about  150,000  ^M,  suggesting  that  released  ATP  may  have 
feedback  or  celNcell  interaction  effects. 
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Adenine  compounds  were  noted  to  have  cardiovascular  effects  in  1929/  and  since 
that  time  focus  has  been  on  the  nuclec^tdes  rather  than  the  nucleotides.  The  reason 
for  this  may  be  due  to  the  transient  effect  of  ATP,  the  rapid  dephosphorylation  to 
adenosine,^  or  the  recognition  of  the  effects  of  adenosine  on  coronary  blood  flow/ 
ATP  1$  not,  however,  without  profound  effects  of  its  own 

This  study  was  designed  to  study  the  clectropharmacology  of  ATP  in  the  isolated, 
perfused  rabbit  heart  Hearts  taken  from  rabbits  weighing  l.5>2.0  kg  were  fixed  to  a 
perfusion  apparatus.  The  apices  were  fixed  to  a  Grass  FTt)3  transducer  with  a  2.0>g 
preload.  The  coronary  artenes  were  perfused  with  gassed  (95%  Q,/5%  CO,)  normal 
Krebs-Henseleit  buffer  (pH  7.3, 35  *C)  at  50  mm  Hg.  Bipolar,  Teflon*coated  stainless 
steel  cpicardial  electrodes  paced  the  hearts  at  2  Hz  (rectangular  pulse,  2*msec  duration, 
2x  threshold)  for  all  but  the  chronotropic  studies 

Addition  of  10  M  ATP  to  the  perfusate  produced  a  bradycardia,  slowing  the 
hearts  to  43%  of  baseline  (Table  1).  As  ATP  increased  in  concentration,  the  force 
of  ventricular  contraction  decreased  from  an  initial  value  of  7.32  ±  0.28  g  to  3.60 
±  0.84  g  at  10"’  M  ATP,  Coronary  artery  flow  was  also  altered.  A  low  level  of  ATP 
(10"*  M)  increased  flow  25%  over  control  value,  and  increases  in  ATP  did  not  alter 
flow  above  this  value.  The  increase  in  flow  was  associated  with  a  change  in  oxygen 
extraction,  but  it  is  unknown  if  the  flow  increase  was  contnbutory  When  no  ATP 
was  present,  the  heart  removed  66%  of  oxygen  in  the  perfusate  When  10"*  M  ATP 
was  added  to  the  perfusate,  however,  the  oxygen  extraction  was  only  41%.  These 
results  were  mediated  directly  by  ATP,  for  similar  results  were  obtained  when  the 
heart  was  blocked  with  atropine  and  propranolol,  both  10~*  M. 

The  mechanism  by  which  ATP  mediates  these  responses  is  not  known.  When  the 
ATP  level  was  increa^  to  10“’  M,  adenosine  deaminase  (0.5  U/ml)  had  no  effect 
on  the  negative  inotropic  or  chronotropic  response,  and  the  heart  would  come  to 
standstill  because  of  atrioventricular  nodal  block.  Adenosine  was  not  the  mediator  in 
this  preparation  When  aminophyllme  (10“’  M)  was  added  with  10"’  M  ATP,  the 
contraction  force  decreased,  but  the  heart  rate  did  not  alter  from  control  These  results 
suggest  that  ATP  exens  its  effects  directly  through  a  nodal  punnoceptor  responsive 


^Present  address  Department  of  Pharmacology,  Berbx  Laboratories,  Inc.,  110  East  Hanover 
Avenue,  Cedar  Knolls,  New  Jersey  07927 
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TABix  L  Efiects  of  ATP  on  the  Heart  Rate,  Contractilsiy,  Henoodynainics,  and 
Metabolism  of  the  Rabbit  Heart  i>z  Vitrtf 

ATP  Coronary  Flow  Cootraetioo  Force  Heart  Rate  Pcrfosate  Effluent 


(M) 

(ml/ima) 

(min"*) 

mo  H|) 

(pOi,  mm  Hg) 

0 

66  £  0.5 

7.32  ±  0.28 

22S  ±  6 

423  t.  IS 

If 

'Sl 

10-‘ 

10"’ 

(p  =  D322*) 

81  £  06 

8.4  ±  as 

(p  =  -OB') 
5.48  S  0J4 

4  92  i  0.56 

(p*i)05) 

(p*.585) 

(p^joonr) 

10'* 

10"’ 

8.7  ±  as 

88  ±  0.7 

4.68  ±  0.72 
360  ±  0.84 

131  ±  4 

407  ±  24 

242  i  22 

*  Each  value  for  the  efTecta  of  ATP  ts  a  mean  ±  SEM  (>'  ^  3). 

*  Derived  from  a  nooparametnc  taxvoay  anal)'Stt  of  variance. 
^Derived  from  a  twO'Sample  /  test 


to  aminophylline  that  differs  from  the  receptor  mediating  ventricular  contractility. 
These  results  demonstrate  that  ATP  is  not  dependent  upon  intermediate  metabolism 
in  eliciting  cardiovascular  responses. 
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Extracellular  ATP  Opens  an 
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Extracellular  ATP  has  been  reported  to  stimulate  the  activity  of  Na*-H*  counter- 
transport  in  Ehrlich  ascites  tumor  cells'  and  m  bovine  aortic  endothelial  cells  ^  In 
one  or  both  of  these  latter  cell  types  the  pH  change  was  half-maximally  activated  by 
1-2  ftM  extracellular  ATP,  external  Ca**  was  required,  and  UTP  was  cquipotenl  to 
ATP  in  producing  an  alkaline  intracellular  pH  response.  These  data  are  generally 
interpret^  as  ATP  causing  activation  of  protein  kinase  C  and  increasing  intracellular 
(Ca**)— actions  that  activate  Na*-H*  countertransport.  Extracellular  ATP  increases 
the  cation  permeability  of  a  variety  of  human  hemopoietic  cell  types  including  fresh 
neutrophils,  monocytes,  their  progenitor  blast  cells,’  as  well  as  lymphocytes  from 
patients  with  chronic  lymphocytic  leukemia  (CLLV  In  this  latter  cell  type  ATP 
produces  an  average  li-fold  increase  in  ’’Na'''  inftux,  possibly  by  opening  cation- 
selective  channels  Such  a  mechanism  seems  likely  because  ATP  also  increases  per¬ 
meability  to  a  vanety  of  other  cations  by  an  action  pnmanly  on  the  plasma  membrane.* 
'fhe  kinetics  of  this  ATP-induced  response  were  studied  by  measunng  unidirec¬ 
tional  ’’Na*'  influx  in  CLL  lymphocytes  incubated  in  media  containing  10  mM  NaCI 
without  divalent  cations  ATP-slimulated  uptake  of  “Na*  ions  was  linear  dunng  a 
3-min  incubation,  and  this  influx  component  was  maximal  at  0  4  mM  ATP  Influx 
showed  a  sigmoid  dependence  on  ATP  concentration,  and  Hill  analysis  yielded  a 
of  160  ^iM  and  an  n  value  of  2.5.  The  nucleotide  ATP-y-S  (1.0  mM)  gave  30%  of 
the  permeability  increase  produced  by  ATP  (Fig  1),  but  UTP  (2  mM)  and  dcoxy- 
th)midine  tnphosphate  (2  mM)  had  no  effect  on  ”Na*  influx 

The  potent  amilonde  analogues  ethylisopropylamilonde  (40  ;xM)  and  hexame- 
thylcnc  amilonde  (40  ^M)  each  inhibited  the  ATP-stimulated  ”Na*  influx;  however, 
both  analogues  had  little  effect  on  basal  influx  The  extent  of  the  inhibition 
product  by  the  amilonde  analogues  was  vanable,  ranging  from  38%  to  100%  dec¬ 
rement  in  the  ATP-stimulated  ’^Na**  influx.  Sodium  influx  into  CLL  lymphocytes 
was  stimulated  4-fold  by  exposure  to  these  cells  to  hypertonic  media,  which  is  known 
to  activate  Na*  -H  ^  countertransport  Both  amilonde  analogues  (at  40  #tM)  effectively 
blocked  the  hypertonic-stimulat^  ”Na*  influx.  In  every  case  the  ATP-stimulated 
’’Na*  influx  was  greater  than  the  hypertonic-stimulated  ”Na*  influx  by  a  mean  factor 
of  3  7-fold  This  result  is  consistent  with  ATP  opening  cation-selective  channels  in 
the  plasma  membrane  rather  than  directly  stimulating  Na*-H*  countertransport. 
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nCURE  1.  ECect  of  ATP  and 
ATP-y-S  on  Na*  uptake  by  lym¬ 
phocytes.  Cdk  at  1  X  lO’/ml  in 
low-Na*  medium  without  divalent 
cations  were  preincubated  for  5  min 
followed  by  addition  of  "NaO  with 
or  without  0  2  mM  ATP.  Influx  aas 
taken  as  the  slope  of  the  line  of  best 
fit  to  the  uptake  over  3  min 


TIME  (mm) 
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ATP  and  adenosine  exert  pronounced  electrophysiologic  effects  in  the  mammalian 
heart.  These  include  a  negative  chronotropic  effect  on  cardiac  pacemakers  and  a 
negative  dromotropic  effect  on  atrioventricular  nodal  conduction  Previous  studies 
have  indicated  that  the  vagus  nerve  mediates,  at  least  in  part,  the  electrophysiologic 
actions  of  ATP  in  the  feline  and  canine  hearts  '•*  Tins  hypothesis  was  tested  in  a 
canine  model,  and  the  following  results  were  obtained:  !)  Both  ATP  and  adenosine 
(given  at  equimolar  doses  as  rapid  bolus  injections  into  the  right  atnum,  1-3  pmo\/ 
kg)  exerted  dose-dependent  negative  chronotropic  and  dromotropic  effects  on  sinus 
and  atrioventncular  nodes,  respectively.  2)  These  effects  (that  is,  prolongation  of  sinus 
cycle  length  and  the  time  interval  between  nght  atrial  and  His  bundle  electrograms) 
were  transient,  reaching  maxima  12-lS  sec  following  injection  and  subsequently  re* 
covenng  to  baseline  values  within  60  to  120  sec  3)  Under  baseline  conditions,  ATP 
is  more  potent  than  adenosine.  4)  Propranolol  (05  mg/kg,  iv.)  did  not  affect  the 
actions  of  either  ATP  or  adenosine.  5)  In  the  presence  of  atropine  (0  2  mg/kg,  i  v.), 
ATP  and  adenosine  were  equipotcnt.  6)  Under  conditions  of  total  autonomic  blockade, 
the  electrophysiologic  effects  of  both  ATP  and  adenosine  were  similarly  enhanced  by 
the  adenosine  transport  blocker,  dipyndamole,  and  attenuated  by  the  adenosine  com¬ 
petitive  antagonist,  aminophylline  ^  It  was  concluded  that  the  electrophysiologic  effects 
of  ATP  are  mediated  by  a  tnggered  vagal  reflex  as  well  as  by  its  degradation  product, 
adenosine  ^ 

Further  studies  have  shown  that  as  expected  from  the  involvement  of  the  vagus 
nerve,  the  electrophysiologic  actions  of  ATP  are  markedly  potentiated  by  the  acetyl- 
cholinesteiase  inhibitor,  physostigmine  (50  rag/kg,  i  v.).*  Moreover,  Ca^*  ions  play 
an  important  role  in  neurotransmitter  release  Thus,  it  was  hypothesized  that  elevation 
of  the  extracellular  Ca^^  level  would  enhance  and  that  the  presence  of  calcium  channel 
blocker  would  attenuate  the  actions  of  ATP.  Indeed,  dunng  CaClj  infusion  (0  025 
mmol/kg/min,  i.v  )  the  negative  chronotropic  action  of  ATP,  but  not  that  of  aden¬ 
osine,  was  markedly  enhanced  in  a  time-dependent  fashion.’  This  enhancement  was 
abolished  by  atropine  (0.2  mg/kg,  i  v.)  Furthermore,  as  shown  in  Figure  1,  vera¬ 
pamil  (0.2  mg/kg,  i.v.)  attenuated  the  negative  chronotropic  action  of  ATP  but 
enhanced  that  of  adenosine  * 

Since  ATP  was  not  more  potent  than  adenosine  in  suppressing  sinus  nodal  pace¬ 
maker  activity  when  the  two  compounds  were  given  directly  into  the  sinus  nodal 
artery,’  it  was  concluded  that  ATP  triggers  the  vagal  reflex  by  acting  on  chemosensitive 
vagal  nerve  terminals  in  either  the  nght  atrium,  nght  ventncle,  or  pulmonary  cir- 
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FIGURE  1.  A  typical  example  of  the  mod' 
ulatton  by  verapamil  of  the  negative  chron* 
otropic  action  of  ATP  on  the  canine  sinus 
node  ATP  (3  ftmol/kg)  was  given  as  a 
rapid  bolus  injection  ( ^  1  sec)  into  the 
right  atrium  before  and  repetilnely  after  SCL 
verapamil  (0  2  mg/kg,  i  v  )  The  effect  of 
ATP  was  attenuated  in  a  time>dependent 
fashion  In  comparison,  the  negative  chron> 
otropic  effect  of  adenosine  under  the  same 
conditions  was  markedly  potentiated  by 
verapamil  *  %A  SCL*  percentage  maximal 
prolongation  of  sinus  node  cycle  length 


Time  post  Verapami!  (minutes) 


culation  Further  studies  are  being  earned  out  to  localize  and  charactenze  these 
receptors  and  to  determine  the  physiologic  role  of  this  action  of  ATP 
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M.  H.  MAGUIRE,  H.  KITAGAWA,  T.  HOSOKAWA, 
AND  R.  B.  HOWARD 

Department  of  Pharmacology,  Toxicology,  and  Therapeutics 
University  of  Kansas  Medical  Center 
Kansas  City,  Kansas  66103 


The  in  vitro  preparation  of  a  single  cotyledon  from  human  term  placenta,  perfused 
via  both  feta)  and  maternal  circuits,  was  used  to  study  the  action  of  ATP,  adenosine, 
and  adenosine  analogues  on  human  fetoplacental  vascular  resistance  Perfusion  was 
performed  at  constant  flow  at  37  *C  using  Earle’s  salt  solution  containing  4  g%  dextran, 
gassed  with  93%  Oi-5%  COj  for  the  maternal  circuit  or  with  94%  N2-6%  COj  for 
the  fetal  circuit/  Flow  rate  of  maternal  perfusate  (Q,,)  was  adjusted  to  achieve  a  fetal 
venous  perfusate  pH  of  7.30-7,3S,  a  pOj  equal  to  or  above  170  mm  Hg,  and  a  pCOj 
of  39-47  mm  Hg  The  fetal  perfusion  pressure  (PPp)  was  40-50  mm  Hg,  and  the 
mean  Qm  (iSD)  was  1.15  ±  0  39  ml*min"‘«g"‘  =  21  cotyledons)  PPp  was 
used  as  an  index  of  vascular  resistance.  Bolus  doses  of  adenine  derivatives  were 
administered  by  close  artenal  injection;  after  baseline  recovery  2  min  were  allowed 
before  injection  of  the  next  dose.  Antagonists  were  infused  for  10  mm  before  injection 
of  agonists.  ATP  caused  reversible  pressor  responses  (Fig  1 )  that  were  dose  dependent 
over  the  range  1  - 160  nmoles  (A  =  6  cotyledons).  Adenosine  and  adenosine  analogues 
elicited  reversible  dose-dependent  increases  in  PPp  that  were  antagonized  by  the 
adenosine  receptor  antagonists  p-sulfophenyltheophylline  (SPT)  and  aminophylline 
(AMI)  Figure  2  shows  dose-response  relationships  of  increases  in  PPp  to  5'-A- 
ethylcarboxamidoadenosine  (NECA)  and  A*-phenylisopropyladenosine  (R-PIA),  and 
to  adenosine  and  2-chloroadcnosme  in  the  presence  and  absence  of  54  jxM  SPT. 
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FIGURE  1.  Typical  pressor  responses  of  the  fetoplacental  vascular  bed  to  bolus  doses  of  ATP 


‘^This  work  was  supported  by  Grant  14S$8  from  the  National  Institutes  of  Health 
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Vasoconstriction  in  response  to  adenosine  was  doseniependent  over  the  range  of 
0.2-180  nmoles  (N  =  9  cotyledons),  AMI  (44  /aM)  caused  a  rightward  shift  of  the 
adenosine  dose-response  curve  (iV  =  2  cotyledons).  In  some  preparations  the 
dose-response  curve  to  adenosine  was  shallow,  with  reduced  response  to  the  higher 
doses  of  adenosine,  in  these  cotyledons,  the  increase  in  PP^  elicited  by  10  nmoles  of 
adenosine  was  4.7  ±  0.4  mm  Hg  compared  to  8.1  ±  10  mm  Hg  (each  of  these  PPp 
values  is  a  mean  ±  SEM;  N  =  6  and  9  cotyledons,  respectively).  Reduced  sensitivity 
to  adenosine  m  cotyledons  from  some  placentas  may  represent  down-regulation  of 
adenosine  receptors  as  a  result  of  exposure  to  adenosine  during  delivery.  Adenosine 
is  present  in  the  delivered  placenta,^  and  release  of  adenosine  by  the  in  vitro  cotyledon 
IS  increased  by  ischemia.’  ATP  and  adenosine  did  not  elicit  decreases  in  PPp.  Whether 
vasoconstriction  of  the  human  fetoplacental  vascular  bed  in  response  to  ATP  and 


FIGURE  2.  Dose-response  curves 
in  a  semiloganthmic  plot  for  in¬ 
creases  in  PPp  elicited  by  adenosine 
(•),  adenosine  plus  54  /xM  SPT 
(O).  2*chloroadcnosine  (A),  2- 
chloroadenosme  plus  54  fiM  SPT 
(A).  NECA  (O),  and  R-PIA  <■> 


adenosine  is  direct  or  indirect  is  not  yet  established  Nevertheless,  these  punnes  may 
contribute  to  local  regulation  of  fetoplacental  vascular  tone  m  vivo 
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We  investigated  the  effect  of  ATP*'  on  *’Ca**’  entry  into  rat  parotid  acinar  cells. 
The  maximum  ATP«$timuIated  influx  rate  (6  nmol/mg/mm,  with  a  Ao}  of  150  ^M) 
was  about  20  times  the  basal  rate.  3'*0*(4«Benzoyl)benzoyl*ATP  (BZ'ATP)  was  30 
times  more  potent  and  nearly  twice  as  effective  as  ATP  in  stimulating  Ca^""  influx. 
Other  analogues  were  much  less  effective  than  ATP.  The  order  of  effectiveness  of 
nucleotide  analogues  on  *’Ca**  entry  was  Bz*ATP  >  ATP  >  ATP-y^S  >  2-mcth- 
ylthio-ATP  >  a,)3*methylene  ATP,  ADP.  The  potency  and  effectiveness  of  ATP 
were  increased  2-3*fo!d  in  the  absence  of  extracellular  Na**,  which  may  compete 
with  Ca^*^  for  entry  through  an  ATP-gated  Na*-  and  Ca*'*-pcrmcablc  channel.  4,4'- 
DiisothiocyanO'2,2'-stilbene  disulfonate  (DIDS),  which  has  two  -NCS  groups,  at  100 
completely  blocked  the  ATP-stimulated  influx  (EC,©  =  40  fiM)  4-Acetamino- 
4'-isothiocyanostilbene-2,2'-disu!fonatc  (SITS),  which  has  one  -NCS  group,  was  about 
50%  as  potent  as  DIDS  4,4'-Dinitrosttlbcnc-2,2'-disuIfonate  (DNDS),  which  lacks 
-NCS  groups,  at  1  mM  was  ineffective,  as  was  K*SCN”.  Reactive  blue  2  (Cibacron 
Blue),  a  nonstilbene  compound,  also  blocked  *’Ca*'*  entry  (EC,©  =  '0  fiM).  The 
effect  of  DIDS  was  irreversible,  but  the  effect  of  reactive  blue  2  was  reversible  by 
washing  the  cells  Reactive  blue  2,  added  before  DIDS,  blocked  the  irreversible  effect 
of  DIDS.  Our  conclusions  are  as  follows:  1)  ATP  activates  a  nonselective  cation 
channel  2)  Stilbene  compounds  with  -NCS  groups  covalently  block  the  binding  of 
ATP  to  Its  receptor.  3)  Reactive  blue  2  binds  noncovalcntly  to  prevent  DIDS  and 
ATP  binding 
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ATP  Produces  Two  Cej  Responses  in 
Rat  Parotid  Cells 


MICHAEL  McMILUAN,  STEPHEN  SOLTOFF, 
LEWIS  CANTLEY,  AND  BARBARA  TALAMO 

Deparimet>!  of  Physiology  and  Neuroscience  Program 
Tufts  Umverstty  School  of  Medicine 
Boston,  Massachusetts  02111 


Extracellular  ATP  increased  intracellular  calcium  (Ca,)  in  a  biphasic  manner  in  Fura- 
2-loaded  rat  parotid  acinar  cells,  with  a  small  effect  apparent  between  0  1  and  10  piM 
ATP  and  a  much  larger  effect  observed  between  50  and  300  ATP  (m  the  absence 
of  Mg**  with  1  mM  Ca**  present)  This  latter  effect,  which  we  previously  described,' 
appears  to  be  mediated  by  a  Pj2*punnergic  receptor,  blockade  by  high  Mg**  or  Ca** 
suggests  that  ATP*“  is  the  actual  agonist,  and  the  selective  P,z  agonist  3'*C>*(4» 
benzoyl)benzoyl*ATP  (Bz*ATP)  was  about  30*fold  more  potent  and  3*fold  more 
efficacious  than  ATP  (these  differences  being  due,  at  least  in  part,  to  covalent  activation 
by  Bz*ATP).  In  contrast,  the  more  sensitive  ATP  response  was  only  slightly  diminished 
by  elevated  Mg**  or  Ca**  (10  mM)  m  the  buffer  (this  difference  probably  being  due 
to  increased  degradation  of  ATP  and/or  production  of  ADP,  which  blocked  the  ATP 
response).  Bz«ATP  was  ineffective  as  an  agonist  on  the  more  sensitive  response  to 
ATP,  but  other  Pj-purinergic  agonists  showed  a  similar  potency  senes  for  both  ATP 
responses  in  parotid  cells  ATP  >  ATP*y»S  ^  2'-MeS'ATP  >  >  ITP  and  AMP- 
CPP.  Thus,  the  more  sensitive  response,  though  not  mediated  through  a  P^z  receptor, 
IS  more  similar  to  this  response  than  to  P,x'  or  Pjv’punnergic  responses  4,4'-Diiso- 
thiocyano-2,2'-$tilbene  disulfonatc  (DIDS)  and  reactive  blue  2  (Cibacron  blue)  blocked 
the  large  ATP^"  effect  on  Ca,  and  also  inhibited  [”P]ATP  binding  to  parotid  cells 
under  conditions  (phosphate-buffered  saline  with  no  added  Mg**  or  O**)  selective 
for  ATP*'.  Reactive  biue  2  pretreatment  blocked  irreversible  effects  of  DIDS  and 
Bz-ATP,  presumably  by  blocking  the  Vjz  receptor  and  protecting  it  from  covalent 
inactivation  or  activation,  respectively.  In  contrast  to  Ca,  responses  to  ATP*',  the 
more  sensitive  response  to  ATP  was  slightly  potentiated  by  both  DIDS  and  reactive 
blue  2  (this  difference  probably  being  due  to  inhibition  of  ATPases).  Both  Pj-receptors 
on  parotid  cells  may  open  Ca** -permeable  channels,  since  both  responses  are  largely 
dependent  on  extracellular  calcium  and  are  quench^  by  extracellular  Mn**,  in  con¬ 
trast  to  inuscannic  agonists  and  substance  P  A  weak  effect  of  ATP  on  phosphati- 
dylinositol  turnover  and  Ca,  mobilization  was  due  to  ATP*',  since  this  effect  required 
high  concentrations  of  ATP,  was  mimicked  by  Bz-ATP,  and  was  blocked  by  DIDS 
and  Mg**  Tht  more  sensitive  ATP  response  may  be  physiologically  important,  since 
parasympathetic  denervation  produced  a  3-fold  increase  m  the  maximal  Ca,  response 
to  3  pM  ATP,  with  no  change  in  the  ATP*'  response  or  in  maximal  carbdchol  or 
substance  P  responses 
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Cellular  cAMP“ 
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It  has  been  recently  shown  by  this  laboratory*  that  extraccllulai  ATP  m  micromolar 
concentrations  produces  in  isolated  myocytes  a  transient  increase  in  intracellular  Ca^*^ 
concentrations  Pretreatment  with  iiorepmephnne  potentiates  ATP-mduced  Ca**  tran* 
sients.  Because  ATP  and  norepmephnne  arc  coreleased  from  sympathetic  neurons, 
modulation  of  the  ATP  response  by  norepinephrine  may  have  some  physiological 
significance  We  investigated  the  mechanism  by  which  norepmephnne  potentiates  the 
ATP-induced  Cd^*  transient. 

We  used  collagenase  to  prepare  ventncular  myocytes  from  250-350  g  male 
Sprague-Dawley  rats  as  described  previously.'^  Intracellular  was  measured  by 
the  fluorescent  indicator  fura*2  Fluorescence  was  recorded  with  excitation  and  emis¬ 
sion  wavelengths  of  340  nm  and  510  nm,  respectively  The  procedure  used  to  extract 
cAMP  and  measure  it  by  radioimmunoassay  was  desenbed  previously.* 

We  have  found  that  cAMP-modifying  agents  that  increase  the  intracellular  cAMP 
level  mimic  the  potentiating  effect  of  norepmephnne  Figure  1  shows  the  intracellular 
free  Ca*^  concentration  of  fura'2-loaded  myocyces  exposed  to  10  /iM  ATP  without 
any  pretreatment  (A)  or  with  vanous  pretreatments  (B-E)  ATP  response  was  nor¬ 
malized  by  depolarization  We  have  found  that  pretreatment  with  forskoiin, 
isonieMylbutylxanthme  and  8-(4-chlorophenylthio)-cAMP  potentiate  the  ATP-in- 
ducr  J  Ca*'*’  response 

We  examined  the  degree  of  intracellular  cAMP  changes  induced  by  norepmephnne, 
forskoiin,  and  isomcthylbutylxanthine  (Fig.  2B)  and  compared  these  changes  with 
the  potentiating  effects  of  these  agents  (Fig  2A).  In  Figure  2A,  the  data  were 
expressed  as  the  change  in  fluorescence  due  to  the  addition  of  ATP  relative  to  the 
fluorescence  changes  of  the  cells  induced  by  K*  depolanzation  Pretreatmenl  with 
norepmephnne  potentiates  the  ATP  response  from  0  36  ±  0  05  to  0.72  i  0  03. 
Pretreatment  with  0,5  ;aM  forskoiin  and  pretreatment  with  50  jaM  isomelhylbu- 

^This  work  was  supported  by  Grants  iIL15758  and  HL18708  from  the  National  Institutes 
of  Health  E  W  was  supported  by  Training  Grant  HU)7653  from  the  National  Institutes  of 
Health 
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FIGURE  1.  Norcpm«phnne,  forskolm,  isomethylbutylxanthinr,  and  S*(4'Chlorophenylthio)* 
cAMP  potentiate  ATP-induced  Ca**  transients  Ventricular  myocytes  were  loaded  with  2  >iM 
fura-2-AM  and  exposed  to  10  pM  ATP.  A.  no  pretreatment,  B  pretrcalment  with  50  nM 
norepinephnne  (NE),  C  pretreatment  for  10  mm  with  50  ftM  isomethylbutylxanlhine  (IBMX), 
a  phosphodiesterase  mhibiter,  D  pretreatment  with  0  5  pM  forskolm,  an  adenylate  cyclase 
activator  E  pretreatment  with  250  pM  8-(4-chlorophenylthio)<AMP  (8-cpt*cAMP),  a  mem- 
brane-permeable  cAMP  analogue  The  ATP  respon>e  was  normalized  with  KCl  depolanzation 


tylxanthine  increase  the  ATP  response  to  0.58  ±  003  and  0  68  ±  007,  respectively 
(Fig  2A).  Norepinephrine  increased  the  basal  cAMP  level  from  5.09  ±  0  56  to  1 1  46 
±  1  01  pmol/mg  protein,  and  forskolm  and  isomethylbutylxanthine  increased  the 
basal  cellular  cAMP  to  10  56  ±  1  49  and  11.14  ±  1.32,  respectively  (Fig  2B)  These 
results  indicate  that  the  noradrenergic  potentiation  of  ATP-mduced  intracellular  Ca^^ 
mobilization  involves  cAMP  as  a  second  messenger 
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cell  ATP  NE  forskolin  IBMX 

(10  uM)  (50  nM)  (0  5uM)  (50  uM) 


FIGURE  2.  Compamon  of  NE,  forskoUn.  and  isomethylbutyUantbine  potentiation  of  ATP* 
induced  Ca^^  transients  and  increase  in  cellular  cAMP  production.  (A)  Methods  are  the  same 
as  in  Figure  1.  Each  value  is  a  mean  ±  SE  (AT  —  4)  (B)  Cells  were  treated  accordmg  to  the 
methods  mdicated  above  Each  value  is  a  mean  ±  SE  of  four  different  experiments  performed 
m  tnpheate. 
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The  effect  of  P}«purinoceptor  stimulation  on  inositol  phosphate  formation  in  relation 
to  the  intracellular  calcium  concentration  and  membrane  currents  was  measured  in 
vas  deferen^  DDT,  MF'2  smooth  muscle  cells  The  ^Hdabeled  inositol  phosphates  (7 
^Ci/ml,  22  hr)  m  the  cells  vsere  analyzed  by  high*pressure  liquid  chromatography 
The  experiments,  which  were  earned  out  at  22  *C,  showed  that  InS'(l,3,4,5)-p4 
formation  increased  rapidly  uron  addition  of  ATP  to  the  to  reach  a  maximum 
after  about  2  min  (Fio  1)  Inc  level  of  the  other  isomers,  Ins*(l,3,4,6)*p4and  Ins- 
{3,4,5,6)-P4,  showed  a  nse  with  a  delay  of  about  2  mm  This  pattern  was  also  followed 
by  Ins-(l,4,5l-P„  which  started  from  a  relatively  high  level  with  respect  to  ihe  Ins* 
P4  isomers.  Th.re  is  considerable  evidence  that  certain  inositol  phosphates  are  func¬ 
tioning  as  second  messengers,  releasing  calcium  from  internal  structures,  and  pro¬ 
moting  ion  fluxes  across  the  cell  membrane.''*  Intracellular  organelles,  known  as  the 
endoplasmatic  reticulum  and  calciosomcs,  were  recognized  to  possess  InS'(l,4,5)-P,- 
sensitive  receptors  that  released  calcium  upon  stimulation  The  inositol  phosphate  Ins- 
( 1, 3,4,5 )-P4  may  function  synergistically  with  Ins-(1,4,5)-P,  to  provide  enhancement 
of  the  intracellular  calcium  concentration,  most  likely  by  promoting  calcium  influx 
from  the  extracellular  space*  Accordingly,  intracellular  calcium  was  monitored  after 
incubating  the  cells  with  Indo-l/AM  (2  ^M,  45  mm)  The  intracellular  free  calcium 
concentration,  represented  by  the  Indo-I  fluorescence,  was  enhanced  transiently  from 
about  150  to  350  nM  in  the  presence  of  ATP  to  reach  a  plateau  of  about  180  nM 
after  2  mm  (Fig  I)  Under  calcum-free  conditions,  only  the  transient  component 
was  observed  This  response  could  be  evoked  only  once— in  contrast  with  the  response 
evoked  in  the  presence  of  extracellular  calcium  In  view  of  the  action  of  the  inositol 
phosphates  on  cellular  structures,  it  is  tempting  to  assume  that  the  transient  increase 
in  intracellular  calcium  observed  in  the  presence  of  ATP  in  DDT,  MF-2  cells  is  due 
to  the  promoting  action  of  Ins-(l,3,4,5)-P4on  calcium  release  The  sustained  com¬ 
ponent  of  the  intracellular  calcium  response  is  most  hkely  caused  by  a  successive 
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replenishment  of  the  Ins^l,3,4,S)*Prsen$itive  caJdum  store  and  caldum  release  via 
In^],4,5)>P,-r^lated  structures. 

The  opening  of  such  channel-like  junctions  by  Ins^l,3,4,5)-P4,  which  alloy's  ca!> 
dum  ions  to  pass  from  the  extracellular  space  to  the  cytoplasm,  should  be  reflected 
by  changes  in  membrane  current.  In  this  work,  membrane  current  was  measured  in 
the  whole<eli,  patch-clamp  configuration.  A  triphasic  response,  observed  under  volt' 
age-clamp  conditions  (— ^  mV),  consisted  of  a  transient  inward  current,  followed 


s - 

Tine  (Ml 


FIGURE  1.  The  effect  of  ATP  (10"*  M)  measured  m  DDT,  MF-2  smooth  muscle  cells  on 
inositol  phosphate  formation  (top  panel  #,  Ins-(1,3,4,5)-P«,  0>  Ins-(I,3,4,6)-P«,  ■,  Ins- 
(3,4,5,6)-p4),  on  intracellular  calcium  (second  panel  in  the  presence  of  external  calcium,  third 
panel  under  calcium-frce  conditions),  and  on  membrane  current  (bottom  panel  outward  current 
ndicated  by  upward  deflection) 


by  an  outward  current  and  a  sustained  inward  current  (Fig  1)  It  was  found  that 
the  outward  current  is  earned  by  potassium  ions  and  is  dependent  on  the  availability 
of  internal  GTP,  suggesting  the  involvement  of  a  G  protein*  The  transient  and 
sustained  inward  currents  are  at  least  partly  earned  by  calcium  ions  In  view  of  the 
time-related  events,  these  inward  calcium  currents  are  possibly  linked  with  the  Ins- 
(l,3,4,5)-P4-induced  calcium  flux  from  the  extracellular  space  to  the  cytoplasm  as 
reflected  by  the  enhanced  internal  calcium  concentration 


454 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


These  processes  evoked  by  ATP  in  smooth  muscle  cells  are  thought  to  be  mediated 
via  Pj'purinoceptors.*  Recently,  it  was  reported  that  the  antitrypanosomal  agent  sur> 
amin  i^bits  the  response  caused  by  stimulaticm  of  the  Pj-purinoceptors.’**  The  action 
of  suramin  on  the  events  elidted  by  ATP  in  DDTi  MF>2  smooth  muscle  cells  was 
also  investigated.  This  action  is  described  here,  along  with  the  observation  that  the 
membrane  currents  ev'oked  by  ATP  in  these  cdls  are  inhibited  concentration  depen* 
dently  (Fig.  2).  It  is  noted  that  both  the  inward  currents,  which  are  possibly  li^ed 
with  the  formation  of  Ins^  I,3,4,S)-P«,  and  also  the  GTP*dependent  outward  potassium 
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FIGURE  2.  The  action  of  suramm  on  (he  ATP>induced  inositol  phosphate  formation  and  on 
membrane  current  (top  left  and  bottom  left  panels  ATP  at  10~’  M;  top  nght  panel  ATP  at 
10~*  M,  bottom  nght  panel  ATP  at  10~*  M  and  suramin  at  10~’  M)  The  outward  current  is 
indicated  by  the  upward  deflection 


current  are  inhibited  by  suramin.  Analys;$  of  the  ATP-activated  formation  of  the 
inositol  phosphates  (5  min)  also  showed  inhibition  of  the  In$'P«  isomers  by  suramin 
(Fig  2).  This  concentration-dependent  suppression  of  the  lns-P4  formation  by  suramin 
IS  not  associated  with  a  change  in  lns-(l,4,5)'P}formation  or  with  the  basal  levels  of 
these  inositol  phosphates  Thus,  inhibition  by  suramm  of  both  the  ATP-activated 
inward  currents  and  inositol  phosphate  formation,  as  well  as  the  outward  potassium 
current,  might  be  explained  by  its  antagonistic  properties  on  the  Pj-punnoceptor 
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This  paper  summarizes  our  recent  results  on  the  biochemical  elfects  of  extracellular 
ATP  acting  on  myotubes  in  culture.  They  may  play  a  role  in  events  following  neu* 
romuscular  transmission,  especially  m  the  regulation  of  the  endogenous  free  Ca*'" 
levels  needed  for  muscle  contraction.  ATP  occurs  m  the  synaptic  “cholinergic*'  vesicle 
population  of  motor  nerve  endings  and  is  released  with  acetylcholine  by  the  nerve 
impulse.  It  is  also  released  from  the  depolanzed  skeletal  muscle. 

The  action  of  ATP  or  nonhydrolyzable  denvatives  on  myotubes  m  culture  is 
mediated  by  activation  of  a  Pjy'punnoceptor'G  protein-phospholipase  C  cascade. 
Phosphatidyiinositol  (PI)  turnover  occurs  and  results  in  inositol  tnsphosphatc  (IPj) 
and  diacylglyccrol  (DAG)  formation  '  A  biphasic  nsc  in  endogenous  free  Ca**  levels 
IS  seen  (in  Fura-2-  or  Quin-2-loadcd  m>otubes)  and  consists  of  two  peaks  a  strong, 
rapid  fluorescence  peak  due  to  an  endogenous  source,  and  a  broad,  more  sustained 
peak  due  to  an  influx  of  Ca*‘  (Figs  1A  &  IB)  The  second  peak  is  abolished  by  1 
pM  concentrations  of  PN200-1 10,  suggesting  that  IP, induces  the  opening  of  a  voltage* 
dependent  Ca**  channel  *  Work  with  myotubes  from  dysgenic  mice  lacking  L-type 
Ca^*  channels  has  confirmed  that  IP,  indeed  may  be  opening  this  type  of  Ca^* 
channel  The  ATP  effect  on  PI  turnover  remained,  but  consecutive  changes  in  cytosolic 
Ca^*  were  diminished  or  absent  (Fig  1C) 

Tonic  depolanzation  of  myotubes  (  >  40  mM  K  * )  also  produced  a  biphasic  change 
in  cytosolic  Ca^*,  of  larger  amplitude  than  ATP  and  with  a  slowly  declining  second 
stage  Addition  of  ATP  (25-100  /tM  ATP*y*S)  or  of  PN200-1 10  (Figs.  ID  &  IE) 
after  depolanzation  caused  a  rapid  decrease  to  baseline  levels  of  Ca**  The  ATP  effect 
on  depolanzed  myotubes  was  dependent  on  the  degree  of  depolarization  (that  is,  the 
K*  concentration).  It  could  be  mimicked  by  the  addition  of  phorbol  esters  When 
ATP  was  added  before  depolanzation,  only  the  first  rapid  Ca**  peak  was  seen  after 
depolanzation  ^ 

Similar  effects  are  seen  after  depolanzation  by  nicotinic  acetylcholine  receptor 
(nAChR)  activation  with  carbachol  (100  pM)  (Fig  IF)  PN200-1 10  addition  before 
carbachol,  however,  gave  a  more  complicated  picture,  suggesting  initial  Ca**  influx 
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followed  by  incomplete  block  This  suggests  the  involvement  of  both  the  nAChR  ion 
channel  and  a  voltage-dependent  channel. 

ATP  may  be  one  of  several  regulators  (including  certain  peptides)  of  endogenous 
free  Ca^*  levels  in  skeletal  muscle  acting  via  an  IP,-scnsitivc  Ca**  channel. 
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FIGURE  1.  Calcium  transients  in  Fura'2-loaded  chick  or  rat  (dysgenic)  myotubes,  induced  by 
ATP,  high  K"',  or  carbachol  Top  row  nondepolanzed  normal  (A  &  B)  or  dysgenic  (C) 
myotubes  Bottom  row.  depolarized  myotubes  (D-F) 
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In  rabbits  the  contractile  response  of  the  unnary  bladder  is  only  partially  via  cholinergic 
innervation  because  atropine  docs  not  completely  block  neuronally  mediated  con¬ 
traction.  In  the  human  bladder  this  atropine  resistance  is  controversial.  Results  of  the 
present  investigation  demonstrate  that  an  atropine-resistant,  tetrodotoxin-sensitive  con¬ 
traction  does  occur  in  certain  human  bladder  strips  The  importance  of  tetrodotoxm 
is  that  it  poisons  the  sodium  channels  of  the  nerve  cells  while  leaving  the  muscle  cells 
able  to  contract.  This  is  demonstrated  by  the  ability  of  depolarization  with  high  KCl 
to  cause  maximal  contraction  at  the  end  of  the  expenment,  indicating  that  the  tissue 
is  not  nonspecifically  damaged  by  the  tn  vttro  incubation 

The  additional  demonstration  that  the  stops  that  are  atropine  sensitive  do  show 
a  significant  contractile  response  to  exogenous  ATP  indicaies  that  the  machinery 
necessary  for  responding  to  the  punnergic  agonist  (including  the  pun«iergic  receptor^ 
1$  present  in  all  human  bladder  stops.  In  order  for  the  atropine-resistant  response  to 
appear,  the  nerves  releasing  the  endogenous  puonergic  transmitter  must  be  present 
m  the  specimen  If  the  human  bladder  is  only  sparsely  innervated  with  purinergic 
nerves  or  if  these  nerves  become  damaged,  then  it  is  quite  possible  that  certain  stops 
would  be  devoid  of  functional  puonergic  nerves  and  thus  would  nut  show  the  response 
Because  of  the  relatively  small  number  of  specimens  in  the  present  study,  no  correlation 
can  be  made  between  the  presence  of  atropine  resistance  and  the  diagnosis  of  the 
patient.  Only  when  we  can  compare  the  response  of  stops  obtained  from  normal 
bladders  to  the  response  of  a  suitable  number  of  stops  obtained  from  specific  dys¬ 
functions  can  we  begin  to  correlate  the  presence  of  alropme  resistance  to  specific 
uropathologies  At  this  time,  the  possibility  remains  that  the  presence  or  absence  of 
atropme-resistant  contractions  may  be  indicative  of  a  pathologic  state 

Evidence  accumulated  over  the  past  few  decades  suggests  that  this  atropine-re- 
sistant  contraction  may  be  mediated  by  ATP  or  a  related  puone  compound.  The 
present  study  is  designed  to  develop  a  radioligand  binding  assay  for  this  puonergic 
receptor.  The  first  step  in  establishing  a  radioligand  receptor  binding  assay  is  finding 
a  suitable  radiolabeled  compound  that  will  bind  specifically  to  the  receptor.  We  have 

•^This  work  was  supported  in  part  by  Granu  R23-NS-22087.  ROI-DK26508,  ROI-DK33559, 
and  RO1-DK39086  from  (he  National  Institutes  of  Health  and  by  a  Veterans  Administration 
Ment  Review  Grant. 

^Address  for  correspondence  Temple  University  Department  of  Urology,  3400  North  Broad 
Street,  Philadelphia,  Pennsylvania  19140 
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MAXIMUM  ATP  ATft(X>lN£ 

ELECTRICAL  RESSTANCE 


FIGURE  1.  Data  from  atropine-resistant  and  atropine-sensitive  specimens  expressed  as  the  actual 
grams  tension  developed.  The  contractile  response  to  ATP  (2  mM)  was  determined  after  three 
frequency  response  curves  were  generated.  The  atropine-resistant  response  is  expressed  as  the 
maximal  grams  tension  developed  m  the  presence  of  atropine  ( 10  ^M)  minus  the  maximal  grams 
tension  developed  in  the  presence  of  atropine  and  tetrodotoxin  (0  5  ;iM)  at  either  32  or  ^  Hz, 
whichever  gave  maximal  response  Each  mean  from  the  two  to  five  individual  strips  per  specimen 
IS  treated  as  single  datum  point  and  is  expressed  as  a  mean  ±  SEM 


initially  considered  two  radioligands  for  the  punnergic  receptor:  [*H)ATP  and 
(^HJ/S.y-methylene  ATP.  Several  lines  of  evidence  favors  (’Hj^.y-mcthylenc  ATP: 
1)  /?,y-Mcthylene  ATP  is  lO-lOO-fold  more  potent  than  ATP  itself  in  causing  con¬ 
tractions  of  the  unnary  bladder  m  vitro}  2)  /Jf^'Mcthylenc  ATP  is  very  resistant  to 
hydrolysis  compared  to  ATP,  3)  /?,y-Mcthylenc  ATP  docs  not  inhibit  the  hydrolysis 
of  ATP.  From  these  lines  of  evidence  one  would  predict  that  /J,y-methylcne  ATP 
does  not  bind  to  ATPase  but  does  bind  to  the  receptor  responsible  for  the  punnergic 
contraction  of  the  urinary  bladder. 

Although  the  binding  affinity  for  /3,y-metbylene  ATP  is  rather  low  compared  to 
standard  radioligands  for  autonomic  receptors,  the  usefulness  of  a  receptor  ligand  is 


^H-APPCP  CONCENTRATION  (jM) 

FIGURE  2.  This  saturation  curve  for  (*ai/?,y-mcihylene  ATP  binding  is  done  with  a  30-min 
incubation  at  0*  C,  with  100  fig  protein  per  assay  tube,  and  with  100  fiM  adenosine  tetraphosphate 
(APPCP)  to  define  nonspecific  binding  Results  displayed  are  from  a  representative  expenment 
that  was  repeated  .several  times  with  similar  results  Tlic  inset  shows  a  Scatchard  curve  of  this 
data 
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pnmanly  related  to  its  selectivity  and  specificity,  and  not  its  potency.  A  ligand  that 
has  a  high  afiinity  for  a  particular  receptor,  but  nonspecifically  binds  to  all  tissue 
elements,  or  binds  to  other  receptors  with  a  similar  high  affinity,  would  be  a  very 
poor  ligand.  Alternatively,  a  ligand  that  has  a  lower  affinity  for  the  same  receptor, 
but  has  a  low  nonspecific  binding,  and  is  selective  for  only  the  one  receptor  type 
would  be  a  very  useful  ligand  in  the  study  of  the  receptor.  In  addition,  the  affinity  of 
a  particular  ligand  for  a  receptor  does  not  necessanly  indicate  anything  about  the 
affinity  of  the  receptor  for  its  natural  transmitter  This  is  especially  true  for  an  agonist. 
Lastly,  because  the  study  of  radioligand  binding  to  purinergic  receptors  is  in  its  infancy, 
there  is  no  information  on  any  cofactors  that  may  be  required  for  agonist  binding 

The  second  step  in  establishing  a  radioligand  receptor  binding  assay  is  finding  a 
suitable  inhibitor  of  specific  binding  The  inhibitor  must  also  bind  specifically  to  the 
receptor  and  thereby  inhibit  specific  binding  of  the  radiolabeled  ligand  to  the  receptor, 
however,  it  should  not  inhibit  the  nonspecific  binding  of  the  radiolabeled  ligand. 
Binding  assays  can  then  be  performed  in  the  presence  and  absence  of  the  inhibitor, 
and  the  binding  in  the  presence  of  the  inhibitor  can  be  subtracted  from  the  binding 
in  the  absence  of  the  inhibitor  to  give  the  specific  receptor  binding  of  the  radiolabeled 
ligand.  Ideally,  the  chemical  structure  of  the  inhibitor  should  be  completely  different 
from  the  radiolabeled  ligand  so  the  inhibitor  does  not  inhibit  nonspecific  binding.  In 
addition,  both  the  ligand  and  ihe  inhibitor  should  be  physiological  competitive  an* 
tagonists  of  the  response  so  that  the  affinity  of  the  receptor  does  not  change  as  the 
ligand  binds  to  the  receptor  (see  Birdsall  et  aL^  for  a  review.) 

For  the  punnergic  receptor  these  ideal  conditions  cannot  be  met  at  present.  The 
only  known  antagonist  of  the  purinergic  response  arylazidoaminopropionyl  adenosine 
triphosphate  (ANAPP0>  is  not  a  competitive  physiological  antagonist  of  the  response 
It  :s  actually  an  agonist  of  the  response  until  it  is  photolyzed  and  then  covalently 
binds  to  the  receptor,  becoming  a  noncompetitive  aitagonist’  Its  chemical  structure 
is  also  quite  similar  to  the  radiolabeled  ligand.  Without  a  competitive  pharmacological 
antagonist  to  use  as  a  radiolabled  ligand,  the  use  of  [*H]/?,y>methylene  ATP  offiers 
several  advantages  over  (‘HJATP  as  outlined  above. 

In  summary:  1)  Neuronally  mediated,  atropine-resistant  contractions  are  present 
in  selected  human  bladder  stnps  in  vitro  2)  A  radioligand  binding  assay  for  punnergic 
receptors  has  been  developed,  and  this  assay  can  quantitate  the  presence  of  these 
receptors  in  tissue  homogenates 
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INTRODUCTION 


The  classification  of  Pj*punnoceptors  is  limited  by  the  absence  of  selective,  com* 
petitive  antagonists  and  has,  therefore,  relied  heavily  on  determination  of  the  relative 
order  of  agonist  potencies  Few  agonists,  however,  have  been  described  that  are  both 
pharmacologically  selective  and  resistant  to  degradation  by  ^tonucleotidases  A  recent 
report'  identifies  adenosine  5'*(2*fluorodtpho$phate)  (ADP*)3'F)  as  a  specific  and 
relatively  stable  Pjypunnoceptor  agonist  in  guinea  pig  taenia  coli.  As  such, 
ADP-)3*F  would  represent  an  important  tool  for  charactenzing  punnoceptors  We 
have  attempted  to  verify  its  selectivity  using  a  vascular  preparation,  the  rabbit  isolated 
jugular  vein.  The  Pjy-punnoceptor  agonists  cause  endothelial-dependent  relaxation  of 
vascular  smooth  muscle  by  release  of  endothelium-denved  relaxing  factor  and/or 
prostacyclin.* 


METHODS 


Rings  of  external  jugular  vein  from  male  New  Zealand  white  rabbits  were  prepared 
for  organ  bath  studies  as  desenbed  elsewhere.*  Experiments  were  performed  in  Krebs 
solution  containing  2.8  X  10"‘  M  indomethacin  (37  *C,  95%  0^/5%  COj)  Some 
tissues  were  denuded  of  endothelium  by  gentle  abrasion  with  a  scored  cannula.  Rings 
were  contracted  with  the  thromboxane  mimetic  U46619  (10"*  M),  and  a  single 
cumulative  agonist  concentration-effect  curve  (or  E/[AJ  curve,  where  E  indicates 
the  magnitude  of  relaxation,  and  [A]  indicates  the  concentration  of  agonist)  was 
constructed  for  ADP-;3-F  (10"*-10"’  M)  Relaxant  responses  to  ADP-/3-F  were 
determined  in  endothelial-intact  or  endothelial-denuded  preparations,  in  the  presence 
or  absence  of  the  selective  P,-punnoceptor  antagonist  S-sulphophenyltheophylline  (8* 
SPT)  (3  X  10“*  M)  Responses  were  expressed  as  a  percentage  of  the  U46619 
contraction 
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RESULTS 


In  endothelial-intact  tissues  ADP-)3-F  produced  an  £/[A]  curve  that  appeared 
to  consist  of  two  vasorelaxant  components,  responses  were  slow  and  tonic  over  the 
concentration  range  10“’-3  X  10"*  M  but  fast  and  phasic  over  M  (Fig. 

la).  In  endothehal-intact  tissues  in  the  presence  of  8-SPT  (Fig  lb)  the  higher  potency 
phase  was  abolished  leaving  the  apparently  monophasic  lower  potency  component. 
The  converse  result  was  obtained  upon  endothelial  denudation  (Fig  Ic) 

Mean  data  (A^  —  4-6)  are  shown  in  Figure  2  In  denuded  tissues  relaxant 
responses  to  ADP-/J-F  (p[A]so'-  5.58  ±  0.13)  were  virtually  abolished  by  8-SPT, 
indicating  that  they  were  due  to  activation  of  P,-punnoceptors  The  lower  potency 
endothelial-dependent  component,  fully  described  only  m  the  presence  of  8-SPT,  had 
a  p(A1jo  of  3.98  ±007 


DISCUSSION 

The  selectivity  of  ADP-y3-F  is  overtly  suspect  because  it  produces  two  kmetically 
and  pharmacologically  distinct  relaxant  responses  in  the  rabbit  jugular  vein  The 
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FIGURE  1.  Typical  ongmal  traces  showing  the 
relaxant  responses  of  the  precontracted  rabbit 
jugular  vein  to  ADP.^*F  (a)Tissuc  with  intact 
endothelium  (b)  Tissue  with  intact  endothe¬ 
lium  m  the  presence  of  8-SPT  (3  X  10  *  M) 
(c)  Tissue  denuded  of  endothelium 
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(a)  ENOOTKEUUM IKTACT 


(t>)  ENDOTHEUUM  OCNUDEO 


FIGURE  2.  Summary  of  data  for  relaxant  effects  of  ADP-/}*F  in  the  rabbit  jugular  vein  (each 
point  1$  a  mean  ±  SEM)  (a)  Endothelium  intact,  (b)  Endothelium  denuded 


pnmary  effect  of  ADP*/3«F  is  mediated  at  P,*punnoceptors  located  on  the  smooth 
muscle,  endothelial'dependent  relaxations  presumably  mediated  at  P^ypunnoceptors 
occur  only  at  higher  concentrations 

Hourani  et  al  ‘  failed  to  observe  P, ‘agonist  properties  of  ADP»;8‘F  m  the  taenia 
coll.  Our  use  of  vascular  rather  than  visceral  smooth  muscle  allows  ready  separation 
of  P,  from  Pjy  components  by  removal  of  the  endothelium.  Hourani  el  al  also  report 
a  much  higher  Pjy  potency  for  ADP-/5-F  in  the  taenia  (2  7  jiM)  One  possible 
explanation,  therefore,  for  the  lack  of  agreement  between  these  two  studies  is  a  marked 
difference  in  the  relative  densities  of  the  two  punnoceptors  m  question  when  comparing 
guinea  pig  taenia  with  rabbit  jugular  vein  Based  on  the  reported  relative  resistance 
of  ADP‘j3‘F  to  degradation,’  it  is  most  probable  that  all  the  effects  observed  in  the 
jugular  vein  are  directly  attributable  to  the  compound  itself.  We  cannot,  however, 
totally  exclude  the  possibility  that  some  degradation  to  adenosine  contributed  to  the 
P,  component  of  the  responses. 

To  summanze,  in  the  rabbit  jugular  vein  relaxations  produced  by  ADP*/J-F  were 
principally  mediated  through  activation  of  P, -punnoceptors  It  is,  therefore,  unsafe 
to  regard  this  agonist  as  a  selective  probe  for  P,y-punnoccptors  If  ADP-jS-F  is  used 
in  the  classification  of  Pj-purinoceptors  appropnate  precautions  should  be  taken  to 
eliminate  its  P,-punnoceptor  properties 
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A  Pj-Furinoceptor  on  Cardiac  Cells 
Mediates  a  Cytosolic  [Ca^^] 
Response  Requiring  Ca^^  Influx, 
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A  P:  punnergic  receptor  on  cardiac  ventncular  myocytes  has  been  observed  that  has 
unique  effects  on  myocardial  Ca**  homeostasis  ’  ATP  is  one  of  the  few  natural  agents 
to  induce  {Ca^^l  transients  m  myocytes,  and  affected  Ca^*^  transport  mechanisms 
have  been  examined  in  detail.^ 

ATP'induced  cytosolic  (Ca^*]  transients  were  measured  m  adult  rat  ventncular 
myocytes  loaded  with  the  Ca**  dye  fura*2  The  (Ca**]  response  induced  by  micro- 
molar  concentrations  of  ATP  is  biphasic  (Fic.  1)  with  a  transient  peak  phase  followed 
by  a  sustained  [Ca^^ }  increase  The  peak  phase  was  found  to  be  sensitive  to  inhibition 
by  both  nifedipine  (10  fiM),  which  inhibits  voltage-sensitive  Ca^*  channel  activity, 
and  ryanodine  (1  ^M),  which  depletes  intracellular  Ca**  stores  Neither  agent  sig¬ 
nificantly  inhibited  the  magnitude  of  the  sustained  (Ca^^  ]  increase,  although  ryanodine 
enhanced  it,  indicating  a  role  for  intracellular  stores  in  regulation  of  this  phase. 
Initial  studies  on  the  Ca^^  source  of  the  sustained  phase  showed  that  tetrodotoxin 
(10  ^M)  was  partially  inhibitory  This  suggested  that  increased  intracellular  [Na^] 
from  voltage-stimulated  Na*  channels  stimulated  Ca**  influx  via  Na^/Ca*'^  ex¬ 
change  The  sustained  phase  was  inhibited  more  strongly,  however,  by  removal  of 
extracellular  inorganic  phosphate  (P.)  Conversely,  increasing  extracellular  P,  to  11.2 


FIGURE  1.  Inhibition  ofATP.jnduccd(Ca**J 
transients  by  nifedipine  and  ryanodine 
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FIGURE  2.  Phosphate  eflfects  on  the  sustained  phase  of  the  cytosohc  [Ca** )  response  to  ATP 


mM  dramatically  increased  the  sustained  [Ca^^l  changes  due  to  ATP  from  the  nM 
to  the  range  (Fig.  2),  which  result^  in  cell  hypercont' action  or  lysis  This 
increase  was  strongly  Na*  dependent,  again  suggesting  mediation  by  Na^/Ca^"^ 
exchange 

The  major  [Ca**]  changes  stimulated  by  ATP  in  a  high  P,  medium  were  examined 
m  more  detail.  The  was  found  to  increase  in  a  dose'dependent  manner 

with  P,  concentration  even  though  increased  Pt  decreases  the  medium  Ca^*^  concen* 
tration  The  response  was  not  due  to  a  nonspecific  effect  on  cell  stability  as  the  cells 
were  stable  when  no  agent  was  added,  and  [Ca**}  changes  observed  with  cell  dc- 
polanzation  by  KCl  were  unaffected  by  high  P,  Other  data  indicate  that  the  Na"*^ 
influx  involved  in  the  A(Ca**  j  requires  the  presence  of  extracellular  P,.  Ouabain  has 
no  significant  effect  on  the  magnitude  of  the  sustained  {Ca^'"  ]  increase  m  low  P,  despite 
the  expected  magnification  of  any  A[Na*J  and  consequent  AtCa^"").  In  addition, 
”Na^  uptake  following  addition  of  ATP  is  much  greater  in  the  presence  of  high 
phosphate.  Because  Na^/Pj  cotransport  has  been  (^served  in  these  cells/  it  appears 
ATP  may  modulate  this  transport  mechanism.  In  summary,  ATP  icceptor  modulation 
of  an  Na  and  P,-dcpcnd  *nt  mechanism  that  affects  Ca**  transport  has  been  observed 
in  cardiac  cells,  indicating  that  a  novel  ATP  receptor/effector  mechanism  is  at  work. 
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INTRODUCTION 


Adenine  nucleotides  have  diverse  actions  on  smooth  mu$cle»  evoking  relaxation 
in  guinea  pig  taenia  coli  and  contraction  in  guinea  pig  vas  deferens  or  ileum,  via 
activation  of  distinct  receptors,  designated  Pj'punnoceptors.'  Recent  studies  have 
indicated  two  subtypes  of  Pj-purinoceptors.  and  Pjy  At  P,x*punnoccptors  (ex¬ 
citatory  in  vas  deferens),  a, ^-methylene  ATP  is  more  potent  than  ATP,  and  ATT  is 
equipotent  with  or  more  potent  than  2'methylthiO'ATP.  At  PjY-purinoceptors  (in¬ 
hibitory  in  taenia  coli),  2-methylthiO'ATP  is  more  potent  than  ATP,  and  ATP  is 
more  potent  than  a, ^•methylene  ATP.  Furthermore,  application  of  a,i5*mcthylcnc 
ATP  selectively  desensitizes  the  ATP  action  at  Pix-punnoccptors,  whereas  no  desen- 
sitization  is  seen  at  Pjv'punnoceptors.*  In  contrast,  reactive  blue  2  selectively  coun¬ 
teracts  ATP  action  at  Pjy-punnoceptors.’  Usually,  action  at  Pix-punnoceptors  leads 
to  contraction,  whereas  action  at  Pjv'punnoceptors  leads  to  relaxation.  The  aim  of 
the  present  work  was  to  further  characterize  the  Pj-purinoceptors  in  smooth  muscle 


MATERIALS  AND  METHODS 


Male  guinea  pigs  were  stunned  and  bled.  The  smooth  muscle  preparations  were 
suspended  in  organ  baths  containing  Tyrodc’s  solution  aerated  with  5%  COj  in  O2 
The  ileum  longitudinal  muscle  (3  Hz,  02  msec,  IS  pulses  at  1-min  intervals),  vas 
deferens  (7  Hz,  0  3  msec,  14  pulses  at  1-min  intervals),  and  taenia  coli  (5  Hz,  0  3 
msec,  25  pulses  at  2-min  intervals)  were  transmurally  stimulated  as  previously  de- 
senbed.^  The  taenia  coli  was  stimulated  in  the  presence  of  atropine  (3  X  10~^  M) 
or  during  contraction  with  either  carbachol  (10"’  M)  or  histamine  (3  X  10”‘  M). 
Each  contractile  response  to  adenine  nucleotides  was  measured  as  a  percentage  of  the 
contractile  response  to  the  standardized  transmural  nerve  stimulus  applied  to  the 
muscle  preparation. 


0—0  CONTROL 
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FIGURE  1.  (a)  Guinea  pi$  ileum  longitudinal  muscle.  Inhibition  of  contractile  responses  to 
transmural  nerve  stimulation  (3  Hz,  03  msec,  IS  pulses  at  I'min  intervals)  by  application  of 
ATP  (10"*-10"*  M)  and  ccncomitant  oonlractile  responses  evoked  by  the  nucleotide.  Antag¬ 
onism  of  the  contractile  eflect  after  application  of  suramme  <10~*  M)  Wash  at  dots  (b)  Guinea 
pig  taenia  coll  Relaxations  induced  by  ATP  (open  envies)  ear^  •alue  expressed  as  a  percentage 
of  the  relaxation  induced  by  transmural  stimulation  (S  Hz,  0  i  msec,  2S  pulses  at  2-mtn  intervals) 
The  relaxations  induced  by  ATP  were  slightly  antagonized  by  application  of  suramme  (10~* 
M)  The  muscle  preparation  was  precontracted  by  carbachol  (10~^  M) 

or  tetrodotoxin  2>Methy]thiO'ATP  was  much  more  potent  than  ATP  m  the  ileum 
8-Bromo-ATP  was  without  contractile  activity  in  the  ileum  In  the  taenia  cell,  ADP, 
ATP,  and  8-bromo-ATP  induced  a  dose-dependent  and  reversible  relaxation  that  was 
unaffected  by  8-/'-$ulfophenyltheophylline.  Contractile  effects  of  ADP  and  ATP  were 
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attenuated  by  a,/3>metbylene  ADP  or  a,/3‘methylene  ATP  in  vas  deferens,  whereas 
a,/3>iiiethy]ene  derivatives  enhanced  the  contractile  effect  of  ATP  and  ADP  in  ileum 
and  did  not  afi*ect  the  relaxations  induced  by  ADP  and  ATP  in  the  taenia  coil 
preparation.  p-Cbloromercunbenzene  sulfonic  add  (PCMBS)  antagonized  the  con* 
tra^e  effect  of  ADP  and  ATP  in  ileum  and  vas  deferens,  whereas  the  relaxations 
in  the  taenia  coli  were  unaltered  by  PCMBS  treatment  Reactive  blue  2  was  without 
effect  on  the  ATP-induced  contractions  in  the  ileum.  Suramine  antagonized  the  con* 
tractile  effect  of  ATP  in  the  ileum  and  vas  deferens  (Fig.  la).  Furthermore,  it 
antagonized  the  inhibitory  effect  of  ATP  in  the  taenia  coh  although  here  it  seemed 
less  potent  In  the  taenia  coli,  suramine  also  inhibited  relaxations  evoked  by  nitro* 
prusside  (FlG.  lb). 

The  data  confirm  the  distinction  between  P3  receptors/sites  in  vas  deferens  (P2x) 
and  taenia  coh  (P]v).  Furthermore,  PCM^  is  suggested  to  be  an  antagonist  at 
exdtatory  Pj  receptors/sites  in  ileum  and  vas  deferens.  Suramine  is  an  antagonist  at 
both  exdtatory  and  inhibitory  P2  receptors/sites,  although  it  was  more  potent  at  the 
exdtatory  receptors  and  seemed  to  block  olho*  agents  with  inhibitory  actions  in  the 


TABLE  1.  Provisional  Criteria  for  Pjj  Receptors/Sites,  as  Compared  to  Pjy  and 
Agonists 

Receptor  Type  Agonist  Potency  Order 

PtY  2*Methylihio*ATP*  >  ATP  *  ADP  ^  S-bromo-ATP*  ’ 

Pix  ATP  =  ADP  *  8*bromo-ATP*  «  2*inethyIihio*ATP* 

Pa  2.McthyIthjo.ATP*  >  ATP  *  ADP  >  >  S-bromo-ATP* 

Antagonists 


Receptor  Type 

a,/J*Methylenc  ATP 

Reactive  Blue  2 

PCMBS 

Suramine 

P.Y 

No* 

Yes* 

No* 

Yes  (unspeaSeV 

Pa 

Yes*-* 

No* 

Yes* 

Yes* 

P= 

No* 

No* 

Yes* 

Yes* 

Note  The  numbers  ated  in  superscript  correspond  lo  the  numbers  of  the  references.  The 
asterisks  indicate  present  results  8‘p-SuIfophenyltbeophyHine  did  not  block  the  P,  receptors 
'  Critena  for  and  P2Y  receptors  are  discussed  by  Bumstock  and  Kennedy  ’ 

taenia  coh.  The  ileum  receptor/sile  has  agonist  charactenslics  more  like  Pjy  receptors/ 
sites  but  antagonist  characteristics  more  like  Pjx  receptors/sites  (Table  1),  although 
It  is  not  desensitized  by  a,/l*methylene  derivatives/  and  is  suggested  to  be  of  a  novel 
type.  Pa^ 
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In  primary  cultures  of  sheep  pituitary  cells,  extracellular  nucleotides  stimulated  rapid 
increases  in  inositol  tns',  bis*,  and  monophosphates,  accompanied  by  Ca^*  mobili* 
aation.''^  These  effects  were  not  due  to  cell  permcabihzation.*  The  inositol  phosphate 
response  to  nucleotides  was  greater  than  any  of  the  responses  elicited  by  the  known 
hypothalamic  releasing  peptides.^ 

The  pharmacological  specificity  of  the  pituitary  nucleotide  receptor  is  different 
from  the  Pix-  and  Piy-punnoceptors  characterized  in  other  tissues’  UTP,  ATPyS, 
and  ATP  were  the  most  potent  agonists  (thdr  EQo  values  for  inositol  phosphate 
production  were  1.2,  2  6,  and  2.7  ^M,  respectively,  in  the  presence  of  1  mM  Ca*^ 
and  I  mM  Mg’*)  APPCP,  APCPP,  and  2*methylthic-ATP  were  inactive. 

Increasing  Mg’*  concentrations  caused  a  rightward  shift  in  the  ATP  dose-response 
curves  (Figs  1  &  2),  indicating  that  the  active  species  is  not  Mg'ATP  and  may  be 
ATP*-.  When  inositol  tns-  or  bisphosphate  was  measured  after  bncf  stimulation  with 
ATP  (Fig  I),  the  degree  of  shift  due  to  increasing  Mg’*  was  in  close  agreement 
with  the  predicted  shift  calculated  on  the  assumption  that  Mg-ATP  is  inactive  When 
total  inositol  phosphate  accumulation  after  prolonged  stimulation,  or  *’Ca’*  efflux 
was  measured  (Fig.  2),  however,  the  observed  nghtward  shifts  were  somewhat  less 
than  predicted,  for  reasons  that  arc  not  clear  Interestingly,  neither  Mg’*  nor  Ca’* 
ions  are  required  for  receptor  activation,  since  ATP  was  able  to  stimulate  inositol 
phosphate  production  with  high  potency  (EC^  =  200  nM)  in  the  presence  of  1  mM 
EDTA  (Fig  2).  This  indicates  that  ectokinase  or  ecto-ATPase  activity  is  not  involved 
in  the  mechanism  of  receptor  activation,  since  all  phosphate  transfer  reactions  require 
divalent  cations  It  is  intnguing  that  a  species  of  ATP  uncomplexed  with  divalent 
cations  1$  the  active  agonist.  In  physiological  extracellular  fluid  these  forms  constitute 
only  6-7%  of  total  ATP  present 


470 


DAVIDSON  it  aU  UNCOMPLEXED  NUCLEOHDES 


471 


Because  a  rise  in  cytosolic  is  a  sufficient  stimulus  for  pituitao'  hormone 
release,  we  considered  the  possibility  that  ATP  or  other  nucleotides  secreted  by 
hypothalamic  neurones  might  act  as  releasing  factors.  In  experiments  in  which  the 
rdease  of  lutdnizing  hormone,  prolactin,  growth  hormone,  corticotrophin,  and  thy- 
rotrophin  were  measured,  however,  none  of  these  pituitary  hormones  were  secret^ 
in  response  to  extracellular  nucleotides.  This  suggests  that  nucleotide  receptors  are 


Totol  ATP.  tM 

FIGURE  1.  Efifect  of  extracellular  Mg**  concoitration  on  ATP-slimulated  inositol  bis-  and 
tnsphosphate  levels  Cells  were  stimulated  for  1  mm  in  the  absence  of  Li*  and  Ca**.  Media 
contain^  1  mM  EDTA  and  0  mM  Mg**  (0»A)  or  I  mM  EGTA  plus  1.18  mM  total  Mg**, 
giving  free  Mg**  at  1  niM(#,A)  Solid  lines  are  the  least-squares,  best-ht  curves  for  the  observed 
data.  Dashed  lines  show  the  theoretical  expected  position  of  the  1  mM  free  Mg**  curve  relative 
to  the  0  mM  Mg**  curve,  calculated  on  the  assumption  that  Mg-ATP  has  no  agonist  activity 


located  on  a  nonsecretory  cell  type  The  cell  type  bearing  these  receptors  is  unknown, 
as  are  the  functions  of  these  receptors  in  the  pituitary.  The  large  magnitude  of  the 
inositol  phosphate  and  **Ca**  efflux  responses  to  nucleotides,  however,  indicates  that 
a  substantial  fraction  of  the  celts  m  pnmary  pituitary  cultures  bear  nucleotide  receptors, 
and  suggests  that  extracellular  nucleotides  have  a  regulatory  role  in  the  pituitary. 
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{totol  ATP]  iM 

FIGURE  2,  Effect  of  extracellular  concentration  on  ATP  stimulation  of  inositol  phosphate 

production  and  *^Ca^*  efflux,  (a)  The  total  inositol  phosphate  production.  Cells  prelabeled  with 
[’Hjmositol  were  preincubatcd  for  1$  min  in  Mg***frec  buffer  containing  10  mM  Li*.  then 
stimulated  with  ATP  for  40  mm  in  the  presence  of  10  mM  Li**^;  1  mM  Ca^^;  and  0  (•).  2 
(0).  or  12  mM  (■)  Mg'*  (b)  The  efflux-  Cells  loaded  with  «Ca'*  and  washed 
extensively  were  stimulated  with  ATP  for  6  mm  in  the  presence  of  0.1  mM  Ca'*  and  0  (•), 
2  { O  )p  or  12  mM  ( ■ )  Mg'*.  Solid  tines  are  least'squares,  be$t>ht  curves  for  the  observed  data. 
Dash^  lines  show  theoretical  predicted  shifts  of  the  0  mM  Mg'*  and  12  mM  Mg'*  curves, 
relative  to  the  central  curve,  calculated  on  the  assumption  that  Mg>ATP  is  inactive. 
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Calcium  plays  an  important  role  in  a  number  of  signal  transduction^regulated  functions 
in  neurons,  but  relatively  little  is  known  about  calcium  signaling  in  astrocytes.  These 
ceils  are  believed  to  modulate  synaptic  transmission  and  neuronal  excitability  by  their 
ability  to  take  up.  release,  and/or  metabolize  neuroactive  agents'^  To  enhance  our 
understanding  of  neuronal-glial  communication,  we  have  been  investigating  calcium 
entry  in  astrocytes  and  the  mechanisms  that  are  influenced  by  increases  in  intracellular 
calcium.  Because  one  of  the  second  messenger  functions  of  calcium  is  the  stimulation 
of  protein  phosphorylation  systems,  we  have  studied  the  effect  of  ATP-stimulated 
calcium  entry  on  protein  phosphorylation  in  astrocytes.  In  an  effort  to  investigate 
possible  functional  roles  of  extracellular  ATP,  we  have  also  investigated  ATP-evoked 
moiphological  changes  in  astrocyte  cultures. 

Recently,  it  has  been  shown  that  extracellular  ATP  stimulates  calcium  influx  and 
accumulation  as  well  as  release  from  internal  stores  in  cultured  astrocytes*'*  In  our 
studies  of  **Ca  flux  in  rat  cerebral  cortical  astrocytes,  we  found  that  ATP  (1  mM) 
stimulated  ^*Ca  uptake  over  a  time  course  of  1  to  30  min,  with  a  maximum  increase 
of  about  2.5-fold  at  20  min  *  A  biphasic  dose-response  curve  was  obtained  with  ECjo 
values  of  0. 3  nM  and  9  ^M,  suggesting  the  presence  of  low-  and  high-afflnity  purmergic 
binding  sites  on  cultured  astrocytes.  Lanthanum,  an  inhibitor  of  calcium  transport, 
was  effective  in  blocking  ATP-stimulated  *'Ca  influx  as  well  as  a  large  portion  of  the 
passive  calcium  leak.  As  shown  in  Figure  1,  a  P,-purinoceptor  antagonist,  isobutyl- 
methylxanthine  (IBMX),  had  no  effect  on  ATP-stimulated  *’Ca  influx,  thereby  in¬ 
dicating  that  ATP  acts  via  a  Pj-punnergic  receptor  in  cultured  astrocytes 

To  further  characterize  the  ATP-evoked  calcium  response,  we  conducted  studies 
with  fura-2.  Cultures  were  incubated  in  1  fura-2/AM  for  45  mm  at  37  *C  and 
then  in  physiological  saline  solution  for  10  mm  to  remove  excess  dye  In  the  presence 
of  external  calcium,  application  of  extracellular  ATP  ( 100  piM)  resulted  m  a  calcium 
peak  followed  by  a  sustained  calcium  signal,  whereas  in  the  absence  of  external  calcium 
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only  a  transient  peak  response  was  ot»erved.  These  findings  suggest  that  ATP  stim¬ 
ulates  mobilization  of  internal  calcium  as  well  as  influx  of  calcium  across  the  plasma 
membrane. 

Studies  on  the  effect  of  the  ATP-induced  caldum  signal  on  protein  phosphorylation 
revealed  that  extracellular  application  of  ATP  increased  phosphate  incorporation  in 
SS-  and  S2-kDa  proteins  (4-  and  2-fold,  respectively)  and  decreased  phosphorylation 
by  approximately  50%  in  24-  and  21-kDa  proteins  The  S2-kDa  protein  comigrated 
with  ^ial  fibrillary  acidic  protein  (GFAP).  '^ese  effects  were  time  and  dose  dependent, 
ECjo  was  estimate  to  be  10  ^M.  An  order  of  potency  of  ATP  >  ADP  >  >  adenosine 
>  GTP  was  observed,  suggesting  that  the  effects  of  ATP  on  phosphorylation  are 
mediated  by  a  P^-purinergic  receptor. 

Several  studies  were  conducted  to  assess  the  calcium  dependence  of  the  effect  of 
extracellular  ATP  on  protein  phosphorylation.  Lanthanum  blocked  the  changes  in 
phosphate  incorporation  in  the  55-,  52-,  24-,  and  21-kDa  proteins,  suggesting  that  the 
ATP-evoked  effects  were  mediated  by  an  increase  in  intracellular  calcium.  This  was 
supported  by  the  observation  that  the  ATP-stimulated  changes  in  phosphorylation 
were  reduced  when  calcium  was  omitted  from  the  bath  Moreover,  the  effects  of 


FIGURE  1.  ATP-mduced  ^’Ca  influx  m 
the  presence  of  IBMX  The  influx  of  *’Ca 
was  conducted  for  1.5  min  as  previously 
desenbed  ’  A  Pfpunnoceptor  antagonist, 
IBMX  ( 100  fiM).  did  not  block  ^’Ca  influx 
stimulated  by  ATP  (100  ^M).  suggesting 
that  ATP  IS  acting  via  a  Pj-punnoceptor 
in  cultured  astrocytes 


extracellular  ATP  on  phosphate  incorporation  were  mimicked  by  a  calcium  ionophore, 
application  of  1  ^tM  ionomyem  for  1  min  resulted  m  increased  phosphorylation  of 
55-  and  52-kDa  proteins  and  decreased  phosphorylation  of  24-  and  21-kDa  proteins. 

Astrocytes  treated  with  dibutyryl  cyclic  AMP  (Btj-cAMP)  have  enhanced  calcium 
effector  systems  including  an  increase  in  the  number  of  calcium  channels^^  and  in 
calcium,  calmodulin-dependent  protein  kinase  activity.*  The  BVcAMP-trcated  cul¬ 
tures  also  have  elevated  phosphate  incorporation  in  55-  and  52'kDa  proteins.’  Ap¬ 
plication  of  extracellular  ATP  to  Btj-cAMP-treated  astrocytes  decreased  phosphate 
incorporation  in  the  24-  and  21-kDa  proteins  but  had  little  to  no  effect  on  phospho¬ 
rylation  in  the  55-  and  52-kDa  proteins,  probably  b^use  these  proteins  were  already 
phosphorylated  in  the  Btj-cAMP-treated  cultures 

It  is  also  of  interest  that  Btj-cAMP  treatment  induces  stellation  in  astrocytes  by 
a  mechanism  that  may  be  dependent  on  calcium  entry.*’  In  view  of  this,  we  studied 
the  effect  of  extracellular  ATP  on  process  formation  in  untreated  astrocytes  and  found 
that  application  of  ATP  ( 1(X)  ;iM)  for  I  hr  resulted  in  marked  stellation  This  finding 
supports  the  idea  that  calcium  entry  may  be  linked  to  differentiation  in  astrocytes. 
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In  summary,  extracellular  ATP  evokes  a  calcium  signal  in  astrocytes  via  mobili* 
zation  of  internal  calcium  as  well  as  influx  of  calcium  across  the  plasma  membrane. 
Protein  phosphorylation  studies  indicate  that  calcium-dependent  protein  kinases  and 
phosphatases  transduce  the  effects  of  the  calcium  signal  brought  about  by  activation 
of  Pj-purinergic  receptor-operated  calcium  channels  in  astrocytes  Because  extracel¬ 
lular  ATP  induced  marked  stellation  and  resulted  in  phosphorylation  of  a  protein 
that  comigrated  with  GFAP,  a  protein  known  to  be  involved  in  process  formation 
and  reactive  gliosis,  we  speculate  that  the  punnergic-stimulated  calcium  signal  in 
astrocytes  may  be  involved  in  differentiation  or  in  response  to  CNS  injury.  Further¬ 
more,  because  ATP  is  released  from  purinergic  nerve  terminals,"’*^  a  calcium  signal 
in  astrocytes  stimulated  by  ATP  may  play  an  important  role  in  neuronal -astrocytic 
communication. 
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Solubilization  of  a  Guanine 
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PjyPunnergic  receptors  were  solubilized  from  turkey  erythrocyte  membranes  with 
the  nonionic  detergent  digitonin  The  receptors  retained  the  pharmacological  char* 
aoteristics  of  membrane-bound  Pjypunnergic  receptors,  as  assessed  by  the  use  of  the 
selective  radiolabeled  agonist  adenosine*5'*0*(2-lhiodiphosphate)  ((”S)ADP^S)  in 
an  equilibrium  binding  assay.  [*’S]ADP/3$  labeled  a  single  population  of  high-afiinity 
sites  (/Cl  =12  9  nM;  =  4.5  pmol/mg  protein),  and  adenine  nucleotide  analogues 
competitively  inhibited  (”SJADP/3S  binding  with  a  rank  order  of  potency  consistent 
with  that  for  the  PjY’punnergic  receptor. 

High-affinity  binding  of  [”SjADP/3S  to  solubilized  Pjy-punnergic  receptors  was 
sensitive  to  inhibition  by  guanine  nucleotides  This  effect  was  noncompetitive  and 
displayed  a  rank  order  of  potency  that  was  in  agreement  with  the  potency  order 
observed  for  guanine  nucleotide-mediated  inhibition  of  (’’SJADP^S  binding  in  punhed 
turkey  erythrocyte  plasma  membranes.  Furthermore,  the  rate  of  ATPrS-induced  dis¬ 
sociation  of  (”S]ADP/JS  from  solubilized  receptors  was  increased  2.7-fo!d  by  the 
simultaneous  addition  of  GTPrS 

The  sensitivity  of  radiolabeled  agomst-P,Y-receptor  interaction  to  guanine  nucleo¬ 
tides  suggests  that  the  soluble  receptor  is  physically  associated  with  a  guanine  nu¬ 
cleotide  regulatory  protein.  To  test  this  hypothesis,  the  apparent  molecular  size  of  the 
labeled  soluble  receptor  comple;^  was  estimated  by  size  exclusion  chromatography  on 
a  Superose-12  column.  Previous  studies  have  indicated  that  the  turkey  erythrocyte 
PjY-punnergic  receptor  can  be  covalently  labeled  with  the  specific  photoaffinity  label 
3'-0-(4-benzoyl)bcnzoyl  adenosine  5'-lr:|>h<»phatc  ([a-”P]BzATP).  Plasma  mem¬ 
brane  PjY-punnergic  receptors  were  prela^led  with  [  ”S]ADPi8S  or  covalently  labeled 
with  [a-*^P]BzATP  pnor  to  solubilization  and  chromatography  on  Superose-12. 
( *^SJADP/5S-  or  (a-”P]BzATP-labcled  species  eluted  as  a  single  peak  of  radioactivity 
of  apparent  M,  greater  than  300,000.  Addition  of  GTPtS  to  the  labeled  species  and 
rechromatography  resulted  in  a  loss  of  protein  labeling  by  [”SJADP/SS  and  a  shift 
of  the  covalently  [a-”P)BzATP-labeled  species  to  a  single  peak  of  radioactivity  eluting 
from  the  size-exclusion  column  as  a  species  of  much  smaller  apparent  size  (apparent 
M,\  70,000). 
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The  ATP  analogue,  3'*0*(4*bcnzoyl)benzoyl  adenosine  5'*triphosphate  (BzATP)  was 
used  as  a  photoaffinity  probe  for  P^vpunnergic  receptors  in  turkey  erythrocytes. 
BzATP  stimulated  inositol  phosphate  formation  in  a  concentration>dependent  manner 
(Aft,  “  172  ±  4  nM).  This  effect  cfBzATP  on  phospholipase  C  was  strictly  dependent 
on  the  presence  of  a  guanine  nucleotide  (GTPyS,  Gpp(NH)p,  or  OTP),  and  was  not 
additive  to  the  effects  of  other  full  P^ypurinergic  receptor  agonists.  Photolysis  of 
BzATP'preincubaied  (’H]inositol4abeled  membranes  resulted  m  an  irreversible  in* 
crease  in  GTPyS*stimulated  formation  of  inositol  phosphates  observed  as  a  3*fold 
increase  in  the  rate  of  activation  of  phospholipase  C.  BzATP  effects  on  phospholipase 
C  activity  were  prevented  by  the  presence  of  ATP  and  ATP  analogues  dunng  photolysis 
with  an  order  of  potency,  that  is,  ATP  >  ADP  >  App(NH)p  >  /3,y*methylenc 
ATP,  consistent  with  that  for  a  Pjypurinergic  receptor.  These  results  indicate  that 
BzATP  is  a  full  P,Y*punne«gic  receptor  agonist  that  upon  photolysis  irreversibly 
promotes  P^ypunnergic  receptor*mediated  and  guanine  nucleotide-dependent  acti¬ 
vation  of  phospholipase  C. 

Based  on  these  observations,  we  prepared  ( ^PJBzATP  and  used  it  as  a  photoaffinity 
probe  for  the  labeling  of  the  Pjv'punnergic  receptor  in  turkey  erythrocyte  membranes. 
In  the  absence  of  light,  [“PjBzATP  bound  with  high  affinity  (Ap  --  5  nM)  to  an 
apparently  homogeneous  population  of  binding  sites.  The  binding  of  the  photoaffinity 
ATP  analogue  was  saturable  and  reversible.  Analogues  of  ATP  and  ADP  competitively 
inhibited  the  binding  of  (’^PjBzATP  with  a  pharmacological  specihcity  consistent 
with  the  binding  of  the  radioligand  to  a  Pjy-purinergic  receptor.  Guanine  nucleotides 
inhibited  the  binding  of  ( ’^P]BzATP  in  a  noncompetitive  manner,  suggesting  that  the 
photoaffinity  label  interacts  with  a  G-protein-reguiated  receptor  protein. 

Photolysis  of  [  ”P)BzATP  in  the  presence  of  turkey  erythrocyte  plasma  membranes 
resulted  in  the  covalent  incorporation  of  (’*P]BzATP  into  a  protein  of  approximately 
53,000  Da,  as  identified  by  autoradiography  of  sodium  dodecyl  sulfate-polyacrylamide 
gels  TTic  photoincorporation  of  ("PJBzATP  was  inhibited  by  analogues  of  ATP  and 
ADP  with  a  rank  order  of  potency  similar  to  that  observed  for  the  binding  of 
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[”P]BzATP  in  the  dark  and  to  the  pharmacological  specificity  observed  for  Pjy* 
punnergic  receptor>mediated  activation  of  phospholipase  C.  The  photoaffinity  labeling 
of  the  S3,000'Da  protein  was  also  inhibited  in  a  concentration>dependent  manner  by 
guanine  nucleotides  A  protein  with  identical  electrophoretic  mobility  was  also  ra* 
diolabeled  when  ( ^^PjBzATP  was  photolyzed  m  the  presence  of  membranes  prepared 
from  rat  liver,  rat  brain,  1321N1  human  astrocytoma  cells,  rat  astrocytes,  and  t^vine 
pulmonary  aortic  endothelial  cells,  but  not  in  membranes  from  human  platelets  or 
human  erythrocytes  Based  on  these  results,  [“P]BzATP  should  prove  of  value  for 
the  eventual  purification  and  charactenzation  of  Pj'punnergic  receptors 
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ATP  and  ADP,  via  P.y  receptors,  stimulate  the  release  of  nitnc  oxide*  and  of 
prostacyclin^*  from  aortic  endothelial  ^Is  and  increase  their  rate  of  proliferation/ 
These  actions  might  have  a  physiological  Importance  in  the  interaction  between  plate* 
lets  and  the  vascular  endothelium.  The  release  of  prostacyclin  will  limit  the  extent  of 
platelet  aggregation  following  a  lesion  of  the  endothelium,  while  the  mitogenic  effect 
will  accelerate  the  repair  of  that  lesion. 

Bovine  aortic  endothelial  cells  (BAEC^)  provided  a  useful  model  to  elucidate  the 
transduction  mechanisms  associated  with  P]y  receptors  The  occupancy  of  these  re¬ 
ceptors  induces  the  hydrolysis  of  several  phospholipids  by  vanous  phospholipases, 
generating  different  second  messengers  These  Ksponses  have  different  time  courses 
and  are  triggered  by  distinct  mechanisms  (Fio.  1).  ATP  and  ADP  induce  a  rapid 
and  transient  accumulation  of  inositol  tnsphosphate  (IPj),  reflecting  the  hydrolysis 
of  phosphatidylmositol  bisphospliate  (PIP*)  by  phospholipase  C  (Fig  I  A)  ’  The  nse 
of  cytoplasmic  that  results*  is  responsible  for  a  burst  of  prostacyclin  release, 
probably  via  the  activation  of  a  Ca**^-dependcnt  phospholipase  A,.’  The  coupling  of 
the  PjY  receptors  and  the  phospholipase  C  s^ms  to  involve  a  GTP-binding  protein 
(Fig.  iC).*  ATP  and  ADP  also  induce  a  sustained  increase  of  the  choline  level  inside 
endothelial  cells  (Fic.  IB),  an  increase  likely  to  result  from  the  activation  of  phos¬ 
pholipase  D,  which  hydrolyzes  phosphatidylcholine  into  phosphatidic  acid  and  cho¬ 
line.*  Phosphatidic  acid  might  play  a  role  m  the  mitogenic  effect  of  ATP.***  Depletion 
of  protein  kinase  C  by  a  prolonged  exposure  to  phorbol  12-mynstate  t3-acetate 
abolished  the  ATP-stimulated  release  of  choline  metabolites  (Fig.  ID).  This  indicates 
that  the  activation  of  protein  kinase  C  by  diacylglycerol  released  from  PIP]  plays  a 
crucial  role  m  the  stimulation  of  phospholipa^  D.* 


^Address  for  correspondence.  Institute  of  Interdisciplinary  Research,  Free  University  of  Brus¬ 
sels,  80$  Route  d.^  Lennik,  Building  Q  1070  Brussel^  Belgium 
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In  many  systems,  the  effects  of  second  messengers  are  mediated  by  the  activation 
of  specific  protein  kinases  that  phosphorylale  a  variety  of  substrates.  In  BAECs,  the 
transient  rise  of  cytoplasmic  free  Ca**  induced  by  ATP  leads  to  the  phosphorylation 
of  several  substrates,  in  particular  95-kDa  and  28*kDa  proteins."  The  95-kDa  protein 
has  been  immunologically  identified  as  the  elongation  factor-2  (EF'2)  (Fic.  2).  Phos¬ 
phorylation  of  the  EF-2  decreases  the  rate  of  polypeptide  elongation:  the  significance 
of  this  event  m  the  action  of  ATP  on  BAECs  remains  unclear.  Ilie  phosphorylation 
of  the  28-kDa  proteins  is  also  stimulated  by  tumor  necrosis  factor  (TNF)  (Fig.  3)," 
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FIGURE  1.  Effect  of  ATP  on  PIP,  and  PC  metabolism  in  BAECs.  (A)  ATP  ( 100  pM)  induces 
a  rapid  and  transient  accumulation  of  IP,  in  BAECs  labeled  with  [  ’H]inositol.  (B)  ATP  ( 100 
pM)  also  produces  a  sustained  accumulation  of  choline  inside  BAECs  prelabeled  with 
(’HJchohne.  (C)  The  production  of  IP,  induced  by  ATP  is  partially  inhibited  when  the  cells 
are  pretreated  for  IS  hr  with  pertussis  toxin  (200  ng/ml).  Such  a  treatment  has  no  effect  on 
the  formation  of  choline  in  response  to  ATP.  (D)  Down-regulation  of  kinase  C  (24.hr  exposure 
to  500  nM  phorbol  U-mynstate  U-acetate)  abolishes  the  stimulatory  effect  of  ATP  on  choline 
and  phosphorylcholine  release  from  prelabeled  BAECs. 


via  another  signaling  pathway  than  that  of  ATP,  because  TNF  does  not  increase  the 
concentration  of  IP,  and  cytoplasmic  Ca**  m  endothelial  cells."  Furthermore,  the 
same  proteins  are  phosphorylated  following  exposure  of  these  cells  to  arsenite,  indi¬ 
cating  that  they  are  identical  to  the  well-known  27-kDa  ’stress  proteins."  The  fact 
that  the  increa^  phosphorylation  of  these  proteins  is  an  event  common  to  distinct 
signaling  mechanisms  suggests  that  these  proteins  might  play  an  important,  but  still 
unknown,  role  in  endothelial  cell  regulation. 
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FIGURE  2.  Idcntificatjon  of  the  95*kDa  ^ 
protein  phosphofylale<*  n  the  BAECs  in  re¬ 
sponse  to  ATP.  Immu  jgical  studies  using  ? 
an  anti-EF-2  antibody  *  show  that  the  95-  ^ 

kDa  substrate  phosphorylated  in  BAE<^  in  w 
response  to  ATP  50  (fiM)  is  identical  to  this  2 
protein 
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FIGURE  3.  Identification  of  the  28- 
kDa  protein  phosphorylated  in 
BAECs  in  response  to  ATP  ATP 
(100  pM)  and  TNF  ^000  U/ml) 
stimulate  the  phosphorylation  of 
three  proteins  of  28>kD  on  two>di> 
mensional  gel  electrophoresis.  The 
comigration  of  samples  of  ATP- 
treated  cells  and  of  TNF>treated  cells 
shows  that  these  three  proteins  phos- 
phorylaled  m  response  to  these  agents 
are  identical 
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Mtoromoiar  conantrations  of  extracellular  ATP  elicit  a  rapid  excitatory  response  m 
developing  chick  skeletal  muscle  *  These  expenments  were  designed  to  determine  the 
ionic  basis  of  the  excitatory  response.  Experiments  were  performed  on  myoballs  using 
the  whole-cell  patch-clamp  technique.  The  reversal  potential  of  the  excitatory  response 
was  consistent  with  an  increase  in  conductance  to  either  cations  or  anions.  To  distin¬ 
guish  between  these  possibilities,  myoballs  were  bathed  with  a  solution  that  would 
produce  a  negative  reversal  potential  for  cations,  and  a  positive  reversal  potential  for 
anions  The  ATP  reversal  potential  was  between  the  two  extremes,  indicating  that 
both  cations  and  anions  were  permeant.  In  contrast,  acetylcholine  responses  always 
reversed  close  to  the  predicted  cation  reversal  potential.  We  estimated  the  relative 
permeability  of  ions  by  measunng  the  shift  in  reversal  potential  when  one  ion  was 


FIGURE  1.  Theoretical  basis  for  deciding  whether  ATP  activates  a  single  class  of  nonselective 
channels  or  separate  cation  and  anion  channels  dunng  the  excitatory  response  As  hrst  pointed 
out  by  Dionne  and  Ruff,*  if  the  reversal  potentiak  of  two  types  of  permeant  ions  arc  set  far 
apart,  the  predicted  noise  is  very  different  for  the  case  of  one  or  two  channels  For  any  single 
channel  type,  the  noise  is  the  product  of  a  term  characteristic  of  the  behavior  of  the  single 
channels  times  the  dnving  force  squared  (Far.  =  K{V^  —  £'wv)*)  If  a  single  class  of  nonselective 
channels  is  involved,  then  the  noise  should  go  to  zero  at  the  macroscopic  reversal  potential  (left 
panel).  In  contrast,  if  two  different  channel  types  arc  involved,  then  the  noise  at  any  potential 
will  be  the  sum  of  the  noise  through  the  two  sets  of  channels  Because  neither  type  of  channel 
is  at  Its  reversal  potential  at  the  macroscopic  reversal  potential,  noise  should  not  go  to  zero 
(right  panel) 
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TABLE  1.  Measurements  of  ATP-Activated  Noise  in  Myoballs* 


Potential  (mV) 

-50 

-5 

+40 

Current  (pA) 

-223  ±  31 

-1  ±  6 

+200  ±  86 

Vanance  (pA*) 

1.83  ±061 

000  ±  004 

0  66  ±  0.12 

Numbers  of  cells 

10 

11 

4 

The  reversal  potential  for  cations  was  set  near  +50  mV,  and  the  reversal  potential  for  anions 
near  —50  mV,  by  making  whote*cell  recordings  with  appropriate  solutions  (external  solution. 
150  mM  CsNO„  3  mM  TEA«OH,  I  mM  BaCIj,  10  mM  HEPES,  and  40  mM  glucoscj  internal 
solution-  21  mM  CsNO„  43  mM  TEA‘OH,  10  mM  BAPTA,  1  mM  CaCl„  10  mM  HEPES, 
and  200  mM  sucrose)  With  these  solutions  the  macrcMccpic  reversal  potential  of  the  excitatory 
ATP  response  was  —5  mV.  Although  there  was  a  clear  increase  in  ATP*activatcd  noise  at  —50 
and  +40,  there  was  no  excess  noise  at  the  reversal  potential.  We  conclude  that  there  is  a  single 
class  of  nonselective  channels  activated  by  ATP.  Ba^  on  the  ratio  of  the  variance  to  the  mean, 
we  estimate  that  the  unitary  conductance  of  these  channels  is  about  0  3  pS. 


substituted  for  another.  We  found  that  small  monovalent  cations,  small  divalent 
cations,  and  small  anions  all  permeate  the  membrane  dunng  the  excitatory  ATP 
response,  and  that  there  was  only  moderate  selectivity  between  many  of  these  ions. 
However,  large  organic  cations  and  anions  (such  as  tetraethylammomum  and  glu* 
curonate)  were  not  permeant. 

To  determine  v/hether  ATP  activates  a  single  class  of  channels  that  conduct  both 
cations  and  anions,  or  whether  ATP  activates  s^rate  cation  and  amon  channels,  we 
analyzed  the  fluctuations  about  the  mean  current  induced  by  ATP.  As  first  pointed 
out  by  Dionne  and  Ruff,’  if  tne  reversal  potentials  of  two  types  of  permeant  ions  are 
set  far  apart,  the  predicted  noise  is  very  different  for  the  cases  of  one  and  two  channels. 
For  any  single  channel,  the  noise  is  the  product  of  a  term  charactenstic  of  the  behavior 
of  the  single  channels  (/T)  times  the  driving  force  squared.  If  a  single  class 

of  nonselective  channels  is  activated  by  ATP,  then  the  noise  should  go  to  zero  at  the 
macroscopic  reversal  potential  (Fig.  1,  leR  panel).  In  contrast,  if  two  different  classes 
of  channels  are  involved,  then  the  noise  at  all  potentials  will  be  the  sum  of  the  noise 
through  the  two  sets  of  channels  Because  neither  channel  is  at  its  reversal  potential 
at  the  macroscopic  reversal  potential,  noise  should  not  go  to  zero  (Fic.  1,  right  panel). 
In  our  experiments  ionic  conditions  were  arrangwl  so  that  the  reversal  potential  for 
cations  was  +50  mV  and  the  reversal  potential  for  anions  was  —50  mV.  At  both 
+40  mV  and  —50  mV  ATP  elicited  a  clear  increase  in  noise,  but  at  the  ATP  reversal 
potential  of  —5  mV  no  increase  in  noise  above  background  was  seen  (Table  1) 
These  results  indicate  that  there  is  only  a  single  excitatory  ATP^activated  channel 
type,  which  does  not  select  by  charge.  Analysis  of  the  current  variance  indicates  that 
the  unitary  conductance  of  the  channel  is  approximately  0.3  pS. 
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In  developing  chick  skeletal  muscle,  micromolar  concentrations  of  extracellular  ATP 
elicit  an  early  excitatory  response  followed  by  a  late  potassium  conductance  increase  ‘ 
The  potassium  conductance  activates  with  a  delay  of  approximately  one  second  and 
1$  greatly  reduced  at  low  temperature,  suggesting  that  a  second  messenger  may  be 
involved  To  examine  the  mechanism  of  activation  of  the  potassium  channels,  we 
recorded  from  myoballs  using  the  whole-cell  and  single-channel  patch-clamp  config¬ 
urations. 

When  whole-cell  recordings  were  made  from  myoballs  held  at  the  reversal  potential 
for  the  early  excitatory  current,  ATP  elicited  an  outward  potassium  current.  Noise 
analysis  yielded  spectral  estimates  for  the  single-channel  conductance  of  approximately 
20  pS.  To  determine  whether  these  channels  are  activated  by  a  second  messenger, 
recordings  were  made  from  cell-attached  patches  while  ATP  was  applied  outside  the 
pipette.  It  seemed  unlikely  that  a  highly  charged  molecule  like  ATP  could  cross  the 
membrane- pipette  seal,  so  we  expected  that  channels  within  the  patch  should  only 
be  activated  if  this  system  used  a  second  messenger.  We  observed  the  opening  of 
potassium  channels  in  response  to  ATP  application  outside  of  the  pipette  (I^G.  1)  in 
about  60%  of  the  cell-attached  patches.  To  be  sure  that  ATP  was  not  gaining  direct 
access  to  the  pipette  interior,  some  of  these  experiments  were  performed  in  the  presence 
of  the  ATP  receptor  antagonist  DIDS  When  both  DIDS  and  ATP  were  added  to 
the  solution  outside  of  the  pipette  there  was  no  activation  of  channels  in  the  patch. 
However,  when  DIDS  was  present  inside  of  the  patch  pipette,  but  not  in  the  bathing 
solution  (so  as  to  selectively  block  the  response  to  any  ATP  that  managed  to  get 
across  the  seal),  ATP  appli^  outside  of  the  pipette  was  still  able  to  evoke  potassium 
channel  opening.  These  expenments  indicate  that  the  potassium  channels  must  be 
activated  by  a  second  messenger. 

The  opening  of  potassium  channels  in  response  to  ATP  could  also  be  observed  in 
outside-out  patches  (Fig.  2).  This  result  strongly  suggests  that  the  second  messenger 
is  restricted  to  the  plasma  membrane.  In  excised  patch  recordings  the  cytoplasmic 
face  of  the  membrane  is  bathed  by  a  huge  volume  of  solution,  and  it  seems  unlikely 
that  the  concentration  of  a  cytoplasmic  second  messenger  could  nse  enough  to  elicit 
a  response  A  membranous  second  mes-senger  would  not  be  diluted  by  the  solution 
inside  the  patch  pipette 

‘*To  whom  correspondence  should  be  addressed 
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2  sec 


FIGURE  1.  ATP  activates  potassium  channels  in  chick  skeletal  muscle  via  a  difTusible  second 
messenger  Recordings  were  made  from  celhattached  patches  m  response  to  ATP  applied  outside 
of  the  pipette  The  top  trace  was  taken  before  ATP  was  applied.  Very  few  potassium  channels 
were  active.  ATP  was  applied  dunng  the  middle  trace  <bar  under  trace).  Many  more  potassium 
channels  were  active.  The  bottom  trace  was  taken  immediately  after  the  middle  trace  Once 
ATP  was  removed  the  potassium  channel  activity  decreased 


FIGURE  2.  The  second  messenger  is  prob* 
ably  rcstncted  to  the  membrane  These  traces 
show  recordings  from  an  outside^out  patch 
in  response  to  ATP.  The  top  trace  is  the 
current  across  an  outside*out  patch  before 
ATP  was  applied  ATP  (10  pM)  was  applied 
dunng  the  second  sweep  (bar  under  trace). 
The  next  four  sweeps  followed  immediately 
after  the  application  of  ATP.  Potassium 
channel  openings  in  response  to  ATP  are 
clearly  seen  Because  the  volume  of  the  so* 
lution  bathing  the  inside  of  the  patch  is  huge. 
It  would  have  been  expected  that  a  cyto* 
plasmic  messenger  would  have  been  diluted 
too  much  to  be  active  The  most  likely  ex* 
planation  is  that  the  second  messenger  re* 
mams  within  the  membrane,  and  therefore  is 
not  diluted 
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Pharmacological  manipulation  of  myoballs  indicated  that  activation  of  the  potas* 
sium  current  did  not  depend  on.  1)  a  rise  in  internal  free  calcium,  2)  the  activation 
of  a  G  protein,  or  3)  protein  phosphorylation.  Taken  together,  these  experiments 
indicate  that  the  system  that  activates  potassium  currents  in  chick  muscle  is  unlike 
any  second  messenger  system  that  has  yet  been  descnbcd 
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Among  the  actions  of  extracellular  ATP  is  its  ability  to  bring  about  the  reversible 
permeabilization  of  the  plasma  membrane  of  certain  cells  including  mast  cells''^  The 
cell  surface  receptor  involved  exhibits  a  pattem  of  agonist  specificities  that  indicate 
that  It  is  distinct  from  all  other  known  ATP  receptors.^  Because  the  nature  of  the 
pores  and  the  mechanism  of  their  formation  is  poorly  understood,  we  have  attempted 
to  characterize  them  by  three  complementary  methc^s,  namely  by  observation  of  the 
uptake  of  fluorescent  dyes,  by  investigation  of  their  electncal  properties  under  patch- 
clamp  conditions,  and  by  detection  of  cel!  activation  in  response  to  externally  applied 
Ca**  and  the  GTP  analogue  GTP-y-S. 

The  normally  impermeant  dyes  ethidium  bromide  and  tnmethylammonium  di- 
phenylhexatnene  (TMA-DPH)  detect  permeabilization  by  entering  the  cell  and  bind¬ 
ing  at  sites  that  enhance  their  fluorascence  efficiency.  The  rate  of  increase  in 
fluorescence  is  then  a  measure  of  the  degree  of  permeabilization.  In  media  containing 
millimolar  concentrations  of  Ca**  and  Mg**,  the  pemieabilizing  species  ATP*'  is 
present  as  a  minor  equilibrium  component,  and  its  concentration  is  calculated  by 
computer  program.  The  dependence  of  rate  of  increase  of  fluorescence  upon  ATP*’ 
concentration  is  sigmoid  for  each  dye  with  £C^  values  of  11.1  and  62  fiM, 
respectively,  and  Hill  coefficients  close  to  2  These  data  are  in  agreement  with  the 
observed  ECj©  of  19  /xM  for  ATP-induccd  conductance  changes  in  patch-clamped 
cells  where  the  Hill  coefficient  is  also  close  to  2. 

Cells  treated  with  ATP  in  media  containing  divalent  cations  are  activated  to  secrete 
by  entry  of  Ca**  ions  At  high  levels  of  ATP,  secretion  is  inhibited  as  endogenous 
nucleotides  are  lost  This  inactivation  is  removed  when  GTP-y-S  is  provided,  showing 
that  the  cells  are  still  capable  of  exocytt^  We  conclude  that  GTP-y-S  has  access 
only  at  the  higher  levels  of  ATP,  indicating  that  there  is  a  progressive  increase  in  the 
size  of  the  pores  with  increasing  ATP  concentration. 
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The  patch*clamp  data  reveal  that  the  lesions  are  formed  very  rapidly  (within  65 
msec),  and  removal  of  ATP  brings  about  very  fast  resealing  of  the  pores  (within 
seconds).  The  whole<ell  conductance  of  the  permeabihzed  celts  is  35-70  nS,  but  in 
excised  outside-out  patches,  discrete  channel  openings  are  not  observed  (at  a  resolution 
of  40  pS).  Noise  analysis  indicates  a  unitary  conductance  of  2-10  pS,  which  is  far 
below  the  conductance  expected  for  a  pore  large  enough  to  allow  the  passage  of 
substances  of  molecular  mass  300-900  daltons  (that  is,  sr300  pS). 

Our  data  support  a  model  in  which  ATP  forci»  lesions  by  binding  to  specific 
membrane  sites  and  indicate  that  at  least  two  molecules  of  the  nucleotide  are  required 
to  form  a  pore.  As  the  concentration  of  ATP*'  is  increased  the  pores  increase  in  size 
by  small  steps  as  further  units  are  recruited. 
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Since  the  original  description  of  the  efTect  of  micromolar  concentrations  of  extracellular 
ATP  on  the  cytosolic  calcium  concentration  ([Oi**],)  of  ventncular  cells,*  other 
groups  have  reported  similar  findings  A  common  finding  was  that  ATP  stimulates 
calcium  entry  into  celts  from  the  extracellular  solution  pnmanly  through  dihydro- 
pyridine-sensitive  calcium  channels.  It  was  not  known,  however,  whether  this  was  a 
direct  or  indirect  action  of  ATP  on  these  calcium  channels. 

The  wliole*ceIl  configuration  of  the  patch-clamp  technique  was  used  to  investigate 
the  electrophysiologic  effects  of  extracellular  ATP  on  rat  ventricular  myocytes.  The 
L-type  calcium  channel  was  isolated  by  depolarizing  the  cell  from  a  holding  potential 
(P,,)  of  -45  or  -40  mV  to  various  testing  potentials  (kV)-  Outward  potassium 
currents  were  inhibited  by  substituting  cesium  for  potassium  in  the  pipette  filling 
solution  and  the  extracellular  solution.  ATP  (50-500  ^M)  had  no  effect  on  the 
current-voltage  (I-V)  relationship  {N  «  10)  of  the  L-type  current  or  on  the  peak 
current  elicited  by  stepping  to  PV  *  0  ttiV  (N  «  7).  These  results  suggest  that  ATP 
does  not  directly  effect  the  L-type  calcium  current. 

Dunng  the  recording  of  the  L-type  calcium  current,  there  was  an  increase  in  the 
inward  holding  current  when  ATP  was  appli^  to  the  cell.  This  phenomenon  was 
similar  to  that  described  in  smooth  muscle.*  To  record  the  ATP-activated  current, 
cells  were  held  at  =  —70  mV  and  the  current  was  continuously  monitored 
Figure  1A  is  a  representative  experiment  demonstrating  the  ability  of  100  to 
produce  an  inward  current.  Soon  after  the  application  of  ATP,  a  slowly  activating, 
long-lasting  inward  current  was  elicited.  The  I-V  relationship  of  the  current  shown 
in  Figure  IB  was  generated  by  computer  subtraction  of  the  ramp  (—100  to  +30 
mV)  current  before  ATP  application  from  the  ramp  current  after  ATP  application 
The  current  of  each  cell,  at  every  10-mV  interval,  was  normahzed  to  the  current  at 
— 100  mV.  The  I-V  relationship  was  linear  and  had  a  reversal  potential  of  — 1.9 
6.5  mV  (N  =  12), 

Associated  with  the  ATP-activated  current  was  membrane  depolanzation  When 
cells  were  bathed  in  an  extracellular  solution  devoid  of  voltage-sensitive  channel 
blockers,  ATP  depolanzed  cells  to  the  threshold  for  the  firing  of  action  potentials. 
(Fig  2A)  The  first  action  potential  was  typical  of  a  fast  sodium-dependent  action 
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potential  whereas  the  subsequent  action  potentials  were  typical  of  slow  calcium* 
dependent  action  potentials.  In  the  presence  of  channel  blockers,  ATP  depolanzed 
cells  13  ±  5  mV  {N  =  6),  but  the  cells  did  not  fire  action  potentials  (Fig.  2B). 


A 


I  •«< 


0 


•100  -00  -00  -40  -20  0  20  40 

VOLTAGE  (mV) 

FIGURE  I.  ATP  activates  an  ionic  current  (A)  Typical  effect  of  100  fiM  ATP  on  the  holding 
current  of  a  cell  held  continuously  at  -*70  mV.  Upon  addition  of  ATP,  a  slowly  activating, 
long'hbting  current  developed  that  had  a  peak  amplitude  of  -*226  pA.  (B)  Current-voltage 
relationship  for  the  ATP-activatcd  current.  The  reversal  potential  was  — 1.9  t  6  5  mV  {S  * 
9)  Pipette  hiling  solution  contained  (in  mM)  136  CsO,  1  MgCl),  2.5  CaClj,  10  ECTA,  10 
HEP^  Extracellular  solution  contained  136  mM  NaO,  1  mM  M;G|,  1  mM  CaCI},  10  mM 
CsCI,  10  mM  glucose,  10  mM  HEPES,  5  tetrodotoxin,  1  pM  iitrendipine,  and  2  mM  4* 
aminopyndine. 


. . 

■*^1 . 

*"1 

In  summary,  extracellular  ATP  has  nc  direct  effect  on  the  L-type,  dihydropyndine* 
sensitive  calcium  current  of  rat  ventricular  myocytes.  At  negative  membrane  potentials, 
ATP  activates  an  inward  current  similar  to  the  nonspecific  cation  conducting  current 
descnbed  in  vascular  smooth  muscle,  it  is  concluded  that  the  ATP-activated  current 
and  depolarization  are  the  underlying  mechanisms  by  which  ATP  increases  (Ca^^],. 
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FIGURE  2.  ATP  dcpoUnz«$  cells  (A)  A  current<hmped  cell  depolanzed  from  ->68  mV  to 
-49  mV  upon  application  of  100  fiM  ATP,  at  which  time  the  cell  fir^  multiple  action  potentials 
Internal  and  external  solutions  contained  KCI  in  place  of  OCI.  and  the  external  solution  was 
devoid  of  voltaiC'activated  channel  blockers.  (B)  In  the  presence  of  voItage*activaied  channel 
blockers  (tetrodotoxin,  nitrendipine,  4«ammopyridine,  and  CsQ),  ATP  still  depolanzed  the  cell 
but  no  action  potentials  were  elicited.  Upon  addition  of  100  ATP,  the  cel)  depolanzed  from 
—65  mV  to  -51  mV  and  then  repolanzcd. 
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Involvement  of  ATP  as  a 
Neurotransmitter  in  the 
Hippocampus" 
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Increasing  evidence  suggests  the  mvolvement  of  extracellular  ATP  in  the  regulation 
of  neuronal  excitability  **  We  have  studied  the  neurotransmitter  role  of  ATP  m  the 
mouse  hippocampus. 

Two  major  enteria  should  be  fulhlled  for  an  endogenous  compound  to  be  recognized 
as  a  neuroiransmittcr.  One  is  the  sttmulation«dependent  release  of  ATP»  and  the  other 
IS  (he  influence  of  exogenously  applied  ATP  on  excitability  of  neurons. 

We  used  the  hippocampal  slice  preparation  described  previously^  as  a  model  for 
our  studies.  In  all  expenments,  the  stimulating  electrode  was  placed  on  Schafler 
collaterals,  which  use  glutamate  as  a  primary  neurotransmitttr.  The  extracellular 
records  (population  spikes)  were  taken  from  CAl  pyramidal  neurons.  To  follow  ATP 
release,  we  used  a  specially  designed  apparatus,  which  allows  monitonng  of  ATP 
release  dunng  stimulation  of  the  slices.*  The  determination  of  ATP  release  was  per* 
formed  using  a  luciferin'luciferase  system.*  As  shown  in  Figure  1,  highTrequency 
stimulation  of  Schafler  collaterals  (300  Hz  for  50  msec  at  2>sec  intervals  for  a  total 
of  30  sec)  evokes  ATP  release.  This  pattern  of  stimulation  also  induces  a  permanent 
increase  m  the  size  of  the  population  spike  (upper  part  of  Fic.  1)  This  welhknown 
phenomenon  is  called  long-term  potentiation  (tTP).’  Omitting  calcium  from  the 
incubation  medium  eliminated  Al  P  release.  Blocking  postsynaptic  glutamate  receptors 
With  2  mM  kynureme  acid  had  no  influence  on  ATP  release.  These  data  demonstrate 
that  ATP  can  be  released  from  stimulated  nerve  terminals  (Schaffer  collaterals)  in  a 
calcium-dependent  way.  It  is  interesting  to  note  that  ATP  release  was  not  observed 
following  low-frequency  stimulation,  which  evokes  postsynaptic  response  but  is  not 
able  to  induce  LTP.  It  appears  that  ATP  is  coreleased  with  a  primary  neurotransmitter 
(glutamate  m  this  case)  only  with  a  certain  pattern  of  stimulation  We  suggest  that 
ATP,  while  not  involved  in  normal  neurotransmission,  may  participate  in  the  poten¬ 
tiation  effect  after  high-frequency  stimulation.  Further  support  for  this  suggestion 
comes  from  our  expenments  showing  an  influence  of  exogenous  ATP  on  the  size  of 
the  population  spike  *  As  shown  m  Figure  2,  400  nM  ATP  gradually  increased  the 
size  of  the  population  spike.  The  maximal  effect  was  observed  affer  about  20  min 


°Thi$  work  was  supported  by  grants  from  the  National  Science  Foundation  (DNS  8644955) 
and  the  National  Institutes  of  Health  (24826,  27866,  and  23335) 

^Present  address  Department  of  Biology,  College  of  Staten  Island,  City  University  of  New 
York,  CSI/IBR  Center  for  Developmental  Neuroscience  Staten  Island.  New  York  10301 
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FIGURE  1.  The  release  of  ATP  from  a  slice  of  mouse 
hippocampus  followiog  high*frequency  stimulation  of 
Schaffer  collaterals  (left  bottom).  The  standard  so* 
lution  of  ATP  (5.5  X  10"‘*  M)  applied  later  to  the 
same  preparation  (nght  bottom)  allowed  calculation 
of  the  concentration  of  released  ATP,  which  was  061 
±  006  pmoles/slice  (A^  =  10),  The  upper  part  of 
the  hgure  shows  the  sue  of  the  population  spike  before 
(left)  and  after  (nght)  high-frequency  stimulation 
Note  the  increase  in  the  size  of  the  potential  (LTP). 


(Fig.  2b).  The  amplified  potential  was  slightly  reduced  by  removing  ATP  through 
perfusion  (FiG.  2c).  The  size  of  the  potential,  however,  still  remained  elevated  and 
did  not  return  to  the  control  level  (Fio.  2d). 

On  the  other  hand  71  ftM  of  ATP  temporarily  reduced  the  size  of  the  potential, 
which  recovered  by  itself  (no  perfusion),  reaching  a  value  higher  than  that  observed 
before  ATP  application.  It  is  interesting  to  note  that  induction  of  LTP  is  often 
accompanied  by  transient  reduction  in  the  size  of  the  potential  immediately  following 
high-frequency  stimulation.  This  may  be  due  to  excessive  ATP  release,  which  could 
depress  synaptic  responses,  but  which  simultaneously  triggers  the  processes  responsible 
for  later  synaptic  facilitation.  The  synaptic  potential  was  depressed  by  higher  ATP 
concentrations  (250  ^M)  and  did  not  recover  by  itself.  The  cells  were  not  killed, 
however,  as  the  potential  could  be  restored  by  0.7!  5,4>di8minopyridine.  Because 
ATP  is  coreleased  with  the  primary  neurotransmitter  and  can  potentiate  synaptic 
responses  when  applied  exogenously,  new  insights  can  be  obtained  on  the  mechanism 


FIGURE  2.  The  effect  of  exogenously  applied  ATP  (400  nM)  the  population  spike  recorded 
from  CAl  p>ramidal  neurons  The  control  response  (a)  is  followed  by  the  response  recorded 
20  min  after  ATP  application  (b).  Ten  minutes  of  perfusion  reduces  the  size  of  the  potential 
(c).  but  even  60  min  after  perfusion  the  potential  remains  elevated  (d)  Cahbration  5  msec,  I 
mV 
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of  LTP.  In  our  opinion,  the  action  of  ATP  is  exerted  not  through  activation  of  Pj 
receptors,^  but  rather  through  the  regulation  of  an  extracellular  enzymatic  process 
A  strong  candidate  is  protein  phosphorylation  by  exogenous  kinases*  especially  in 
the  view  of  recently  published  data  showing  the  influence  of  nM  concentrations  of 
ATP  on  extracellular  protein  phosphorylation  *  We  also  do  not  exclude  the  possibility 
of  an  action  of  ATP  on  a  second  messenger  system.  It  has  been  demonstrated  m 
synaptosomal  preparation  that  ATP  can  influence  inositol  trisphosphate  production, 
which  in  turn  elevates  intracellular  calcium  level*  necessary  for  LTP  induction."  The 
diversity  of  ATP  action  on  neuron  excitability  in  the  central  nervous  system  suggests 
an  important  role  of  ATP  in  neurotransmission 
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INTRODUCTION 


Adenosine  is  known  to  be  released  from  central  and  peripheral  tissues  following 
nerve  stimulation '  The  released  adenosine  could  derive  1)  from  intracellularly  formed 
adenosine  (cytosolic  5'-nucleotidase  or  5»adcnosylhomocysteine  (SAH)  hydrolase*) 
or  2)  from  nucleotides  degraded  extracellularly  by  ecto*5'>nucleotidase  There  is  ex* 
cellcnt  evidence  that  adenine  nucleotides,  particularly  ATP,  can  be  released  by  nerve 
stimulation,*  but  it  is  not  known  whether  such  released  nucleotides  actually  constitute 
a  quantitatively  important  source  of  adenosine  We  have  tested  this  using  several 
different  pharmacological  tools. 


METHODS 


Rat  hippocampal  slices  (400*;im  thick)  were  incubated  with  [*H]adenine  to  label 
the  intracellular  adenine  nucleotides,  placed  in  perfusion  cham^rs,  and  superfused 
with  artificial  cerebrospinal  fluid.  The  efflux  of  endogenous  and  radiolabeled  purines 
was  determined  by  HPLC  The  efflux  of  punnes  from  the  slices  was  stimulated  cither 
by  electneal  field  stimulation  ( 10  Kz,  20  V,  5-15  mm)  or  by  combined  hypoglycemia 
and  hypoxia  (25-35  min). 


RESULTS  AND  DISCUSSION 


Under  basal  conditions  adenosine  constituted  less  than  10%  of  the  total  radioactive 
purines,  and  the  proportion  was  not  substantially  increased  by  an  inhibitor  of  adenosine 

‘'Present  address  Department  of  Physiology,  University  of  Sydney,  Australia 
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FIGURE  1.  Relationship  between  re> 
lease  of  adenosine  and  total  release  of  i 
punnes  following  stimulation  with  elec*  ^ 
trical  pulses  or  with  combined  hypoxia/  f 
hypoglycemia.  The  experiments  were  o 
earned  out  in  the  presence  of  EHNA  to  S 
block  adenosine  deaminase.  Note  that  < 
adenosine  constitutes  a  much  larger  pro* 
portion  of  released  punnes  in  the  tatter 
case 


deaminase,  erythro-9*hydroxy-3*nonyl  adenine  (EHNA,  3  ^M).  Similarly,  nerve  stim* 
ulation  caus^  a  frequency-dependent  release  of  adenosine,  which  was  essentially 
unaffected  by  EHNA.  Hypoxia/hypoglycemia,  by  contrast,  caused  a  marked  increase 
in  adenosine  release  (Fig.  1),  and  this  was  further  increased  by  EHNA.  Inhibition 
of  adenosine  kinase  by  5'*iodotubericidin  caused  a  great  increase  in  adenosine  release. 
These  results  indicate  that  only  a  minor  part  of  the  total  purines  released  from 
[’H]ATP  stores  under  basal  conditions  and  following  nerve  activity  ever  was  aden* 
osine.  This  implies  a  major  intracellular  formation  of  the  purines,  since  the 
AMP«lMP-inosine  pathway  is  intracellular. 

Following  the  addition  of  the  ecto*5'*nuc!eotidase  inhibitor  a,)3>methylene  ADP 
(AOPCP),  there  was  no  reduction  of  adenosine  release  under  any  of  the  conditions 
studied  (FiO.  2).  This  indicates  that  a  minor  part  of  the  punnes  were  formed  by  the 
action  of  ecto*5'*nucleotidase.  Addition  of  L*homocysteine  thiolactone,  which  shifts 
the  SAH  hydrolase  toward  synthesis,^  caused  a  net  accumulation  of  SAH  m  the  slices 
and  a  marked  decrease  in  the  efflux  of  adenosine,  indicating  that  much  of  the  adenosine 
is  formed  intracellularly. 

These  data  indicate  that  adenosine  relei»e  from  hippocampal  slices  is  independent 
of  ATP  release.  Therefore  the  roles  of  ATP  and  adenosine  can  1^  defined  independently 
of  each  other.  ATP  could  fulfill  specialized  functions  in  acting  as  a  signal  between 
cells,**  whereas  adenosine  may  be  more  important  as  a  local  hormone  involved  in 
energy  homeostasis. 


FIGURE  2.  Effect  of  inhibition  of  ecto* 
5-nucleotidase  by  AOPCP  on  the  release 
of  endogenous  adenosine  under  basal  con¬ 
ditions,  following  field  stimulation  and 
hypoxia/hypoglycemia  The  columns  la* 
beled  Control  represent  the  ability  of 
AOPCP  to  block  the  conversion  of  AMP 
to  adenosine 
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The  first  evidence  that  purine  nucleotides  and  adenosine  have  presynaptic  inhibitory 
effects  on  acetylcholine  (ACh)’  and  norepmcphnne*  release  was  obtained  m  1976  In 
these  expcnments  the  presynaptic  inhibitory  receptors  proved  to  be  theophylline  sen* 
sitive  Now  It  is  generally  accepted  that  the  actions  of  purines  are  mediat^  via  two 
different  types  of  receptors.  According  to  Bumstock,*  the  P,*punnoceptors  arc  acti* 
vatcd  by  adenosine  and  the  Pj*purinoceptors  are  activated  mainly  by  ATP,  ADP,  and 
their  nondegradable  analo^jues,  but  not  by  adenosine  Previous  work  has  suggested 
that  Pj'punnoceptors  are  mainly  located  postjunctionally  and  the  Pfpunnoccptors 
prcjunctionally.*  The  prcjynaptic  receptor  that  mediates  these  inhibitory  actions  has 
been  called  the  P,(A,)  receptor  since  it  has  been  noted  that  the  inhibitory  actions  of 
both  ATP  and  adenosin';  are  prevented  by  methylxanthmcs. 

In  this  study  an  ai'cmpt  was  made  to  study  the  effect  of  ATP  and  its  stable 
analogue  a,/3*methylcn  •  ATP  (a,/J'Mc-ATP)  on  ACh  release.  Guinea  pig  ileal  lon¬ 
gitudinal  muscle  stnp  v  ith  Auerbach*s  plexus  attached  was  used  as  desenbed  by  Paton 
and  Vizi.^  The  tissue  v/as  incubated  m  Krebs  solution  containing  (mc/Ay/-’HJcholine 
(4  fiCi/ml).’  Two  stimulations  (2  Hz,  240  shocks,  S,  and  S^)  were  applied,  and  drugs 
were  added  15  min  l<fore  the  second  (Sj)  stimulation.  Changes  in  the  Sj/S,  ratio 
represent  the  effect  of  drugs  on  ACh  release. 

Whereas  ATP  inhibited  it,  the  nonhydrolyzable  denvative  a,/3-Me-ATP  (1-50 
^iM)  enhanced  the  stimulation-evoked  releiwe  of  ACh  (Table  1)  The  inhibitory 
effect  of  ATP,  when  added  15  min  before  the  S,,  was  partly  antagonized  by  8- 
phenyltheophyllinr  (8-PT),  whereas  the  facilitatory  effect  of  a,/?-Me-ATP  was  not. 
These  findings  indicate  that  the  effect  of  ATP  is  due  to  its  breakdown  product, 
adenosine,  and  is  /nediated  via  the  presynaptic  P|(A|)  receptors  (Fig.  1).  In  contrast, 
when  ATP  was  odded  3  sec  pnor  to  stimulation,  it  reduc^  the  release  in  an  8-PT- 
sensitive  way  8- 'in'  itself  enhanced  the  release  of  ACh,  as  indicated  by  the  increase 
of  the  S2/S,  ratio  from  079  ±  004  to  1  74  ±  024  (Table  1).  Adenosine  (50-100 
pM)  inhibited  release,  even  if  release  was  previously  enhanced  by  a,/3-Me-ATP. 


^To  whom  CO'  respondence  should  be  addressed 
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TABLE  1.  Effect  of  ATP  and  its  Stable  Analogue  on  [’H]ACh  Release  Evoked  by 
Field  Stimulation* 


Drugs* 

S,/S, 

S-PT 
(10  ^M) 

Control 

079  ±  004 

1.74  ±  0,24* 

Adenosine  (100  ^M) 

0  38  S  OlO' 

070  ±  009* 

ATP  (100  /*M) 

038  ±  008* 

067  ±  006* 

ATP  (120  mM) 

076  ±  007 

0.35  ±  002* 

a,^-Mc-ATP  (30  ^M) 

1.40  ±  0.15* 

2  35  ±  0.56* 

*  Longitudinal  muscle  stop  with  Auerbach’s  plexus  attached  was  used  throughout. 

*A1I  drugs  were  added  15  min  before  the  Sj,  ex^t  for  120  ;iM  ATP,  which  was  added  3 
sec  before  the  Sj. 

*  Significant  difierence  from  control  (p  <  05).  Averages  of  four  expenments  are  given. 


Because  2*methylthio«ATP  (30  fiM)  did  not  enhance  the  release  of  ACH  (data  not 
shown)  and  a,/3«Me*ATP  did,  it  seems  likely  that  receptors  involved  in  facilitation 
of  transmitter  release  are  of  the  type.  The  facilitatory  effect  of  a,/3.Mc-ATP  on 
the  release  of  ACh  evoked  by  electrical  stimulation  may  be  related  to  an  ATP  receptor- 
mediated  elfect  on  the  calcium  channel  and  its  depolarizing  effect,  similar  to  those 
produced  by  nicotinic  receptor  stimulation.  When  ATP  is  released,*  either  from  neu¬ 
rons  or  from  other  sources,  its  presynaptic  facilitatory  action  may  be  overshadowed 
by  its  inhibitory  action  on  release,  mutated  through  its  breakdown  product,  adenosine 


i-  ATP— ♦  Ad*no*ln» 

FIGURE  1.  Scheme  of  presynapticpunnoceptors  sensitive  to  adenosine  (P|) 
and  ATP  (P,)  involved  in  modulation  of  ACh  release  The  presynapUc  P*- 
punnoceptors  are  not  sensitive  (o  $-PT,  even  though  they  are  operative 
under  conditions  in  which  the  P, -punnoceptors  are  inhibited  ATP  released 
either  from  the  axon  terminals*  or  from  postsynaptic  sites*  acts  on  both 
pre-  and  postsynaptic  Pj-punnoceptors.  After  hydrolysis  by  ectonucleotidase, 
the  presynaptic  inhibitory  effect  of  ATP  on  ACh  release  is  exerted  through 
Its  breakdown  product.  It  seems  bkely  that  there  are  ATP-sensitive  receptors 
on  the  cholinergic  neurons  as  well  2-Methylthio-ATP  had  no  effect  on  the 
release  of  ACh,  therefore  it  is  suggested  that  the  P^x'Punnoceptor  is  re¬ 
sponsible  for  the  facilitation  of  ACh  release,  and  its  agonist  is  ATP  and 
a./3-Me-ATP.  In  addition,  when  the  tissue  was  exposed  to  ATP  for  a  short 
period  cf  time,  the  release  was  reduced  evai  in  the  presence  of  8-PT. 
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INTRODUCTION 


Release  of  ATP  from  endothelial  cells  was  drst  desenbed  in  1979,'  and  a  role  for 
adenyl  purines  in  the  regulation  of  vascular  tone  under  conditions  such  as  hypoxia 
has  been  well  established,  as  noted  m  a  recent  review.'  Despite  demonstration  of  the 
actions  of  ATP  and  its  breakdown  product  adenosine  in  blood  vessels,  it  is  not  clear 
how,  if  at  all,  ATP  release  from  endothelium  would  be  regulated  in  nonpathological 
states.  We  have  developed  an  improved  HPLC  fluorescence  method  for  the  detection 
of  picogram  quantities  of  adenyl  purines  in  physiological  solutions  and  have  employed 
this  method  to  detect  the  release  of  ATP  from  cardiac  endothelial  cells  in  primary 
tissue  culture.  When  norepinephrine  (NE)  is  added  to  the  bathing  medium,  cells 
rapidly  release  large  quantities  of  ATP  that  can  be  detected  following  fluorescence 
denvation  of  the  sample.'  The  efleci  of  NE  is  blocked  by  the  addition  of  prazosin, 
suggesting  that  the  ;»ponse  follows  agonist  occupation  of  an  a,  receptor  on  the 
endothelial  cell.  We  suggest  that  endothelial  cell  ATP,  released  following  sympathetic 
nerve  activity,  may  act  at  several  sites.  ATP  acting  via  P^-punnoceptors  on  smooth 
muscle  and/or  endothelium  may  regulate  vascular  tone  directly.  In  addition,  ATP 
can  act  at  a  P3-purinoceptor*  on  sympathetic  nerve  to  regulate  neurotransmitter  release. 
Furthermore,  the  rapid  breakdown  of  ATP  to  adenosine  acting  downstream  from  the 
site  of  release  at  Pfpurinoceptors  to  relax  blood  vessels  is  also  likely  These  actions 
of  ATP  derived  from  endothelial  cells  stimulated  by  neurotransmitters  may  constitute 
a  paraenne  mechanism  for  the  regulation  of  regional  blood  flow  in  the  heart. 


‘^This  work  was  supported  by  grants  from  the  National  Institutes  of  Health  (HL35416  and 
HL38126)  and  a  grant  from  (he  Amencan  Heart  Association 
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MATERIALS  AND  METHODS 

Preparation  of  Endothelial  Cells 


Cells  are  prepared  by  collagenase  (l.S  mg/ml)  perfusion  of  hearts  from  young 
adult  male  guinea  pigs  (300  g)  submerged  in  20%  sucrose  solution  after  the  method 
of  Nees  et  aV  Cells  released  in  the  effluent  are  collected  from  the  buoyant  layer  on 
top  of  the  sucrose  and  purified  by  centrifugation  (4,000  X  g  X  15  min)  at  room 
temperature  on  a  preformed  Percoll  gradient  (20,000  X  g  X  15  min).  The  endothelial 
cell  layer  is  removed  from  the  Percoll,  washed  in  growth  medium  (Dulbecco's  modified 
Eagle’s  medium)  containing  fetal  bovine  serum  (10%  v/v),  and  seeded  (1  ml)  in 
multiwell  tissue  culture  plates.  Cultures  arc  maintained  until  confluent  (5>7  days), 
and  experiments  are  initiated  by  removing  the  growth  medium  and  washing  cells  with 
Krebs  buffer  followed  by  addition  of  Krebs  buffer  containing  drug. 


Assay  for  ATP  Release 


Adenyl  punnes  arc  assayed  by  HPLC  using  a  modification  of  the  method  of  Levitt 
et  alf  based  on  the  formation  of  etheno^punne  Bnefly,  medium  bathing  the  cells  is 
quickly  withdrawn,  frozen  m  liquid  nitrogen,  and  lyophilized  to  dryness.  Dned  samples 
are  placed  in  a  Hewlett-Packard  (1090M)  autoinjector  where  they  are  sequentially 
resuspended  in  35  ^1  of  water  and  4  pi  of  0  8  M  chloracetylaldehyde,  and  the  resulting 
solution  IS  then  heated  with  mixing  to  80 *C  for  10  mm  and  injected  on  a  CIS  reverse- 
phase  column  Adenyl  purines  are  separated  using  a  linear  gradient  from  100%  KPO« 
buffer  (pH  6.0)  to  30%  methanol  over  20  min  at  0.75  ml/min.  The  etheno-punne 
derivatives  are  detected  using  a  fluorescence  detector  (HP  1046)  capable  of  excitation 
at  216  nm  and  emission  at  420  nm.  Derivation  of  standards  yields  linear  standard 
curves  from  which  sample  purine  content  is  deduced.  Calibration  using  bona  fide 
ctheno-ATP  reveals  that  sample  denvation  proceeds  to  better  than  95%  completion. 
The  detection  limit  for  ATP  is  10.0  pg 


RESULTS  AND  DISCUSSION 


Radioligand  binding  studies  employing  the  ai-adrenergic  receptor  radioligand 
( ^HJprazosin  and  isolated  intact  endothelial  cells  harvested  from  pnmary  cultures, 
reveal  that  the  cells  we  study  possess  a  significant  number  (8,000  sites/cell)  of  Of 
adrenergic  receptors  with  high  affinity  for  the  antagonist  radioligand  (Kp  =  ^  pM). 
Competition  studies  employing  subtype-specific  a,  antagonists  confirm  that  the  re¬ 
ceptor  is  of  the  a,  subtype  (Table  1)  Stimulation  of  Oi  receptors  by  the  addition  of 
NE  (10  ^M)  results  in  the  immediate  release  of  ATP  (Fig  1)  that  can  be  blocked 
by  addition  of  the  ai-adrenergic  antagonist  prazosin  (1  jxM)  but  is  unaffected  by 
addition  of  the  Oj  antagonist  yohimbine  (Table  1).  The  dose-response  curve  for  NE 
(Fig  1,  inset)  yields  an  EC^  for  NE  of  50  nM  and  is  consistent  with  action  of  the 
agonist  at  an  receptor.  The  time  course  of  release  suggests  that  the  cells  possess 
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TABLE  I.  Charactenzation  of  a, -Adrenergic  Receptors  on 
Cardiac  Endothelial  Cells* 

Anta^ntsis 

Antagonistic 

Affinity  Density  Affinities  Inhibition  of  ATP 

(A'd)  (^i)  Release  at  1  piM 

t’HlPrazosm  40  ±  6  pM  8,000  ±  900 cells  -  - 

Phentolamme  —  —  1  20% 

Yohimbine  —  —  I  /iM  0% 

Prazosin  —  —  50  pM  92% 

Agonists 

_ Affinity*  (JTo) _ 

High-Affinity  Low-Affinity  Enhancement  of 

State  Stale  ATP  Release 


NE(1  pM) 

10  nM  (30%) 

800  nM  (70%) 

515%' 

NE  +  GTP-y-S  (10  pM) 

— 

500  nM  (100%) 

- Z - 

'  Data  for  the  affinity  of  the  Ci-adrcnergic  receptor  for  radioligand  and  receptor  number  were 
determined  in  saturation  binding  experiments  employing  in!»;t(%lls(iV  «  3)  Antagonist  affinities 
were  determined  from  competition  expenmenls  performed  in  tnplicate.  Inhibition  of  ATP  release 
was  determined  as  a  percentage  of  the  release  produced  by  !  pM  NE  in  a  single  experiment 
performed  in  duplicate  Affinity  of  the  receptor  for  agonist  was  assessed  in  competition  exper¬ 
iments  employing  [’H]prazo$in  binding  in  endothelial  cell  membranes 

*  Each  of  the  values  in  parentheses  below  indicates  the  percentage  of  receptors  assumed  to  be 
in  either  a  high-  or  low-affimty  state  Data  were  best  fit  by  least-squares  analysis  assuming  the 
presence  of  both  high-  and  low-affinity  states  of  the  reciter.  In  the  presence  of  GTP-y-S  (a 
hydrolysis-resistant  form  of  GTP),  data  were  best  fit  assuming  a  single  low-affimty  class  of 
binding  sites  for  the  agonist 

*  An  increase  from  20  to  123  pg  ATP/ 10*  cells 


FIGURE  1.  a, -Adrenergic  regulation  of 
ATP  release  from  cardiac  endothelial  cells 
Cultured  guinea  pig  endothelial  cells  ^sere 
,  stimulated  and  ATP  release  was  deter- 
I  mined  as  desenbed  in  Methods  Each  data 
point  represents  a  mean  ±  a  range  of  values 
for  ctheao-ATP  measured  in  tnplicate  from 
repbeate  culture  welts  in  a  single  expen- 
ment  Cells  were  stimulated  with  buffer 
alone,  ■,  NE  at  10  pM.  #;  or  NE  in  the 
presence  of  prazosin  (PRAZ)  at  I  pM,  A 
The  dose  dependence  of  NE-stimulated 
ATP  release  is  shown  in  the  inset  Replicate 
culture  wells  were  stimulated  for  20  sec 
with  increasing  concentrations  of  NE.  Data 
0  30  60  90  120  150  points,  fit  with  a  sigmoid  curve  (Hill  = 

Tire  (sec)  1  •♦),  are  mean  values  obtained  in  a  single 

expenment 
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the  expected  nucleotidase  activity  since  ATP  levels  fall  within  seconds  following  release 
and  the  levels  of  AMP  and  adenosine  nse  over  the  same  time  course  (data  not  shown). 
Control  expenmcnts  reveal  that  release  of  ATP  is  not  the  result  of  cell  damage  since 
addition  of  NE  to  cultures  returned  to  growth  <x>nditions  for  90  mm  following  the 
first  stimulation  results  m  the  continued  ability  of  the  cells  to  release  ATP. 

Our  data  suggest  a  role  for  neurotransmitter^stimulated  ATP  release  in  blood 
vessels  m  the  heart  in  a  fashion  consistent  with  the  actions  of  ATP  on  nerves,  as  well 
as  both  other  endothelial  cells  and  smooth  muscle  cells  in  the  same  blood  vessel.  ATP 
IS  thought  to  act  at  a  unique  punner^c  site,  Pj.*  to  limit  sympathetic  neurotransmitter 
release  from  nerves  In  addition,  ATP  is  likely  to  act  at  the  immediate  site  of  release 
at  a  Pj'punnoceptor  on  either  smooth  muscle,  endothelium,  or  both.  The  rapid  action 
of  endothelial  ectonucleotidases  will  then  convert  ATP  to  adenosine,  which  is  likely 
to  act  at  a  P,*punnoceptor  on  smooth  muscle  distant  from  the  site  of  release.  Thus, 
ATP  may  be  released  from  the  endothelial  compartment  of  the  blood  vessel  during 
periods  of  increased  sympathetic  nerve  activity.  This  ATP  might  be  expected  to  serve 
to  inhibit  further  transmitter  release,  as  well  as  dilate  blood  vessels  to  accommodate 
increased  blood  flow.  We  suggest  that  endothelial  cell  ATP  release  acting  directly  and 
as  an  ongin  for  adenosine  constitutes  a  paracrine  meclianism  for  the  regulation  of 
regional  blood  flow  in  the  heart  and  may  be  an  important  general  phenomenon  in 
many  mammalian  blood  vessels  during  increased  sympathetic  nerve  activity. 
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INTRODUCTION 


There  are  several  mechanisms  that  regulate  release  of  norepinephnne  (N£)  from 
adrenergic  nerves.  One  mechanism  may  involve  the  prejunctional  action  of  adenine 
nucleotides  and  nucleosides,  and  both  adenosine  (ADO)  and  adenosine  triphosphate 
(ATP)  have  been  shown  to  reduce  the  relea^  of  NE  in  a  vanety  of  sympathetically 
innervated  tissues.**’  The  generally  accepted  view  is  that  this  inhibitory  effect  is 
mediated  by  prejunctional  P|>punnoceptor$  and  that  the  effect  of  ATP  results  from 
its  metabolism  to  AfX),  with  ADO  then  acting  via  prejunctional  P,*punnoceptors, 
rather  than  with  ATP  acting  directly  on  P,-purinoccptors.^  Work  earned  out  in  this 
laboratory  with  the  rat  caudal  artery,  however,  indicates  that  prejunctional  purino* 
ceptors  cannot  simply  be  defined  in  terms  of  the  existing  P,*  and  Pj^purinoceptor 
classification.*  This  study  sought  to  determine  the  nature  of  prejunctional  purinoceptors 
in  the  rat  vas  deferens  and  to  determine  whether  or  not  endogenously  released  purines 
contribute  to  the  physiological  modulation  of  NE  release. 


METHODS 


Vasa  deferentia  from  Fisher  rats  were  incubated  in  organ  baths  containing  3.S  ml 
of  a  modified  Krebs  solution,  gassed  with  95%  C^/5%  COj,  and  electncally  field 
stimulated  with  0.5  msec  pulses  for  3  min  at  a  frequency  of  2  Hz.  Following  the 
period  of  stimulation,  the  oif.an  baths  were  drained  and  the  NE  released  into  the 
surrounding  Krebs  solution  quantified  by  HPLC  el^trochemical  detection. 


^^This  >vork  was  supported  by  a  grant  from  the  National  Institutes  of  Health  (HL38126). 
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FIGURE  1.  Inhibition  by  3  APPCP  of  electncally  evoked  NE  release  from  the  rat  vas 
deferens  stimulated  at  2  Hz  for  3  mm,  and  reversal  of  this  effect  by  30  8‘SPT.  Pretreatment 
with  APPCP  was  for  3  min,  pretreatment  with  8>SPT,  for  15  mm  Asterisks  indicate  a  significant 
difference  from  control. 


RESULTS  AND  DISCUSSION 


The  stable  analogue  of  ATP,  /J.-y^mcthylene  ATP  (APPCP),  reduced  the  release 
of  NE  from  the  rat  vas  deferens  (Fig.  I).  A  concentration  of  3  ixM  produced  an 
inhibition  of  30%.  Despite  the  evidence  that  APPCP  interacts  with  P,*punnoceptors, 
the  Pfpunnoceptor  antagonist  8*(p*sulfophenyl)«theophylline  (8>SPT)  significantly 
reduced  the  inhibition  produced  by  APPCP  (Fio.  1).  Furthermore,  8*SPT,  when 
added  alone,  potentiated  NE  release  (Fig.  2).  These  results  support  the  idea  that  the 
receptor  that  mediates  punne*induced  inhibition  of  NE  release  exhibits  charactenstics 
different  from  known  P,'  or  Pj-punnoceptors  Furthermore,  it  appears  that  this  pu' 
tative  Pj'punnoccptor  is  involv^  in  a  physiological  modulation  of  NE  release,  since 
antagonism  of  the  receptor  with  8'SPT  produced  an  enhancement  of  NE  release. 


CONTROL  6-SPT 


FIGURE  2,  Potentiation  by  30  8*SPT  of  electrically  evoked  NE  release  from  the  rat  vas 
deferens  stimulated  at  2  Hz  for  3  mm  The  astensks  indicate  a  significant  difference  from  the 
control. 
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INTRODUCTION 


Norepinephnne  (NE)  and  ATP  have  been  demonstrated  to  function  as  cotrans* 
mitters  m  numerous  smooth  muscle  tissues  such  as  the  vas  deferens'  and  blood 
vessels.^’  In  the  portal  veins  of  the  guinea  pig  and  rat>  exogenously  applied  ATP 
elicited  a  contraction  that  was  blocked  by  arylazido  ammopropionyl  ATP  ( ANAPP,), 
a  selective  Pj'purinoceptor  antagonist/  Transmural  stimulation  of  the  guinea  pig  portal 
vein  preincubated  with  [’Hladenosinc  resulted  in  a  6*fold  increase  in  the  release  of 
’Hdabeled  purines.*  a, ^•Methylene  ATP,  an  agent  known  to  desensitize  the  Pj« 
purinoceptor  and  thus  antagonize  the  effect  of  ATP,  abolished  the  first  phase  of  the 
neurogenic  biphasic  contraction  of  the  rabbit  saphenous  artery.*  Stimulation  of  the 
perivascular  nerve  of  the  guinea  pig  saphenous  artery  elicited  excitatory  junction 
potentials  (ejp*$)  in  the  smooth  muscle  cells,  and  these  ejp*s  were  inhibited  by 
ANAPP,  *  These  observations  suggest  the  existence  of  punnoceptors  for  ATP  on  the 
vascular  smooth  muscle  cells,  and  that  ATP  may  play  a  role  in  neurotransmission  of 
these  two  vessels  In  the  present  study,  we  investigated  the  possibility  that  NE  and 
ATP  are  cotransmitters  in  both  the  guinea  pig  portal  vein  and  the  rabbit  saphenous 
artery 


METHODS 


Tissues  were  isolated  and  mounted  in  an  organ  bath  containing  a  modified  Krebs 
solution  that  was  kept  at  37  *C  and  bubbled  with  95%  Oj/5%  COj  Transmural 

*^1111$  work  was  supported  by  grants  from  the  National  Institutes  of  Heahh  (AM0747$  and 
HL38126) 
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electncal  stimulation  of  the  portal  vein  (0  S  msec  pulse  duration,  supramaximal  volt* 
age)  was  applied  across  a  pair  of  platinum  ring  el^trodes  (7  mm  apart)  surrounding 
the  tissue.  Tension  generated  was  measured  along  the  longitudinal  axis  of  the  tissue 
by  a  force  transducer  (Grass  FT03)  and  recorded  on  a  Grass  polygraph.  Electrical 
stimulation  of  the  saphenous  artery  (0 1  msec  pulse  duration,  supramaximal  voltage) 
was  delivered  by  a  pair  of  parallel  platinum  wire  electrodes:  one  located  outside  and 
the  other  located  inside  the  lumen  of  the  vessel  Tension  generated  was  measured 
perpendicular  to  the  longitudinal  axis  of  the  ve^l  by  a  force  transducer  and  recorded 
on  a  polygraph 


FIGURE  1.  Effect  of  prazosin  and  a./?>methylene  ATP  on  the  neurogenic  contraction  of  the 
guinea  pig  portal  vein.  □  control;  prazosin  (03  pM)  {N  «  5),  ■.  a./3>methylene  ATP 
(10  pM)  {S  *■  7).  The  tissue  was  stimulated  at  16  Hz  for  1  mm.  Antagonist  was  introduced 
into  the  organ  bath  20  mtn  before  the  next  stimulation  Contractile  response  was  expressed  as 
a  percentage  of  the  control  response  The  biphasic  neurogenic  contraction  was  separated  into 
phasic  and  tonic  components  depicted  in  left  and  nght  panels,  respectively  Left  panel.  Both 
prazosin  and  a.iS*methylene  ATP  attenuated  the  first  phase  or  phasic  component  of  the  biphasic 
contraction.  Right  panel'  Only  prazosin  depressed  the  second  phase  or  tonic  a^mponent  of  the 
biphasic  contraction  •'  p  <  01;  •  •  p  <  00! 


RESULTS  AND  CONCLUSIONS 


Transmural  stimulation  of  the  guinea  pig  portal  vein  and  rabbit  saphenous  artery 
elicited  a  biphasic  contraction  consisting  of  a  rapid  initial  phase  followed  by  a  slower 
sustained  phase.  In  the  portal  vein,  prazosin  (0.3  ;iM),  an  a^adrenoceptor  antagonist, 
depressed  both  phases  of  the  neurogenic  contraction;  however,  the  second  phase  was 
much  more  reduced  than  the  hrst  phase.  a,/3*MethyIene  ATP  (10  fiM),  which  de¬ 
sensitizes  the  p2-purinoceptor,  attenuated  only  the  first  phase  of  the  contraction  (Fig 
1)  In  the  rabbit  saphenous  artery,  prazosin  (03  fzM)  reduced  both  phases  of  the 
neurogenic  contraction  almost  equally  (70-80%).  Further  addition  of  o,/3-methy!ene 
ATP  ( 10  ftM)  to  a  tissue  in  which  the  response  was  already  attenuated  by  prazosin 
abolished  the  first  and  significantly  depre^ed  the  second  phase  of  the  contraction 
(Fig.  2)  These  results  suggest  that  NE  and  ATP  arc  excitatory  cotransmitters  m 
both  blood  vessels.  In  the  guinea  pig  portal  vein,  both  NE  and  ATP  appear  to  contnbute 
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FIGURE  2.  Effect  of  prazosin  and  a,/3>mcthylene  ATP  on  the  neurogenic  contraction  of  the 
rabbit  saphenous  artery  □  control,  0  prazosin  (03 /iM).  ■  prazosm(0  3pM)plusa,j8* 
methylene  ATP  (10  nM)  The  tissue  was  stimulated  at  8  Hz  for  1  min  Antagonist  was  introduced 
into  the  organ  bath  15  mm  before  the  next  stimulation.  C^mtraciile  response  was  expressed  as 
a  percentage  of  the  control  response  The  biphasic  neurogenic  contraction  was  separated  into 
phasic  and  tonic  components,  depicted  in  left  and  nght  panels,  respectively  Note  that  prazosin 
attenuated  both  phases  of  the  btphasic  neurogenic  contraction  Addition  of  a.^*methylene  ATP 
to  the  tissue  in  the  presence  of  prazosin  further  depressed  both  phases  of  the  contraction  The 
response  in  the  presence  of  both  prazosin  and  o,/3*methyiene  ATP  was  statistically  compared 
to  the  response  in  the  presence  of  prazosin  alone  ••  p  <  05,  •  •  p  <  001  (iV  =  4) 


to  the  initial  phase  of  the  neurogenic  contraction,  whereas  NE  alone  mediates  the 
slower  sustained  phase  In  the  rabbit  saphenous  artery,  both  NE  and  ATP  contribute 
to  the  first  and  second  phases  of  the  neurogenic  contraction 
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Addition  of  ATP  to  cultures  of  transformed  mouse  fibroblasts  (Swiss  mouse  3T6 
cells)  results  in  cell  growth  inhibition,  whereas  the  growth  of  the  nontransformed 
counterparts  of  3T6  cells,  namely  3T3  cells,  is  only  slightly  affected.'  *  The  mechanisms 
underlying  the  growth  inhibition  are  only  partly  understood.  The  uptake  of  adenine 
nucleotides*  and  the  alteration  of  ion  fluxes*  were  suggested  to  mediate  the  inhibition, 
in  adenocarcinoma  and  erythroleukemia  cells,  respectively.  These  effects,  however, 
were  not  detected  m  mouse  fibroblasts  We  have  shown  that  hydrolysis  of  ATP,  and 
uptake  of  the  adenosine  generated,  has  a  role  in  the  inhibition  process  *  Because  ATP 
and  its  products  are  metabolized  within  one  day,*  the  continuation  of  the  inhibition 
IS  probably  mediated  by  additional  mechanisms.  We  found  that  conditioned  medium 
from  ATP'treated  cells  inhibits  cell  proliferation,  indicating  that  extracellular  factors 
are  involved  m  the  inhibition  *  The  selectivity  for  transformed  cells  and  the  specificity 
for  ATP  (and  to  a  lesser  extent  to  other  adenine  nucleotides)  indicate  that  the  effects 
exerted  by  ATP  are  mediated  by  cell  surface  enzymes  or  receptors 

In  this  study  we  examined  the  possible  role  of  cell  surface  protein  kinase  (SPK, 
casein  type  II  protein  kinase^*)  in  the  ATP-induced  growth  inhibition,  using  mouse 
fibroblasts,  Balb/c  3T3  cells,  and  their  transformed  denvatives,  Balb/c  SV40*3T3 
cells 

The  SPK  activity  found  m  these  cells  could  be  removed  by  washings  with  an  assay 

‘^This  work  was  supported  by  the  National  Council  for  Research  and  Development,  Jerusalem, 
Israel,  and  the  D*'  ches  Krebsforschungszentrum,  Heidelberg,  Federal  Republic  of  Germany 
Partial  support  was  provided  by  a  short-term  fellowship  from  the  European  Molecular  Biology 
Organization 
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TABLE  1.  Effect  of  Cell  Washing  on  ATP-Induced  Growth  Inhibition' 

Growth  Inhibition  by  ATP  (%) 

Treatment 

SV40.3T3 

3T3 

None 

53 

0 

Washing  with  assay  mixture 

67 

— 

Washing  with  assay  mixture  +  phosvitin 

8 

- 

•  Balb/c  3T3  cells  and  their  transformed  denvatives,  SV40/3T3,  were  grown  on  Dulbecco’' 
modified  Eagle's  medium  (DMEM),  containing  10%  fetal  calf  serum  (FCS),  in  33-mm  dishrs 
One  day  after  innoculation,  some  of  the  cultures  were  washed  three  times  with  assay  mixture, 
consisting  of  70  mM  NaCl,  30  mM  Tris(OHAc),  5  mM  Mg(OAc)2, 5  mM  potassium  phosphate, 
0  5  mM  EDTA,  and  75  mM  glucose  (pH  7  2,  osmolanty  ±  10  mOsm’)  Other  dishes  were 
washed  with  assay  mixture  containing  1  rog/ml  phosvitin  Then  DMEM  +  10%  FCS  was 
added  to  the  dishes  either  with  or  without  0  3  mM  ATP  After  an  additional  day  the  cells  were 
detached  by  trypsin  and  counted  in  a  coulter  counter,  and  the  percentage  of  inhibition  was 
calculated  in  comparison  to  untreated  control  cultures  Similar  inhibition  was  obtained  after  two 
days  of  growth  Washings  with  casein,  a  substrate  of  SPK,  gave  results  similar  to  phosvitin, 
whereas  washings  with  albumin,  a  nonsubstrate  protein,  brought  about  results  comparable  to 
those  obtained  with  the  assay  mixture  by  itself. 

mixture  that  contained  a  substrate  protein.  In  this  study  (see  Table  1 ),  the  substrate 
protein  was  phosvitin  (also  used  in  a  study  with  HeLa  cells’) 

Table  1  shows  that  exogenous  ATP  docs  not  inhibit  the  growth  of  3T3  cells, 
whereas  the  growth  of  SV40'3T3  cells  is  markedly  inhibited  Washings  with  the  assay 
mixture  did  not  prevent  the  inhibition  by  ATP.  When  phosviim  ( 1  mg/ml)  was  added 
to  the  washing  solution,  however,  the  ATP*mduced  inhibition  was  markedly  reduced. 
The  washings  with  phosvitm*contaimng  assay  mixture  resulted  in  a  decrease  in  the 
SPK  activity,  up  to  80%,  whereas  washings  with  the  assay  mixture  by  itself  did  not 
affect  this  activity.  Thus,  there  is  a  correlation  between  the  activity  of  SPK  and  the 
ability  of  external  ATP  to  inhibit  the  growth  of  the  cells. 

This  correlation  was  further  supported  by  experiments  in  which  the  SPK  activity 
was  altered  by  changing  the  density  of  the  cultures  (as  shown  in  HeLa  cells^)  Figure 
1  shows  that  the  activity  of  SPK  and,  in  pamlle).  the  ability  of  ATP  to  inhibit  cell 
growth  are  decreased  with  the  increase  of  cell  density.  The  curve  in  Figure  1,  which 


FIGURE  1.  Effect  of  cell  density  on 
phosphorylation  and  growth  rate  in 
Balb/c  SV40*3T3  cells  Cells  were  in* 
oculated  at  vanous  densities  and  were 
grown  as  desenbed  in  Table  1.  Cell 
growth  was  determined  by  cell  count* 
mg,  every  24  hr,  over  three  days  Phos*  g 
phorylation  was  performed  in  the  ^ 
presence  of  reaction  mixture  (sec  Ta-  g 
BLE  1),  with  (y.”PJATP  (lOnun,  37  | 

*C),  using  phosvitin  as  a  substrate  ‘  The  S 
SPK  activity  determinations  were  per*  ® 
formed  m  cultures  with  a  cell  density 
of80X  10*(O).  240  X  10*  (A),  and 
800  X  10*(C))c«lls  per  dish  ATP  was 
added  to  parallel  dishes,  with  the  same 
cell  densities  (•,  A,  ■ ), 'o  a  final  con* 
centration  of  0  3  mM. 
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indicates  that  the  ratio  between  phosphorylation  and  growth  rate  is  not  linear,  also 
indicates  a  threshold  value  for  SPK  activity,  above  which  the  ATP>induced  inhibition 
is  more  effective. 

The  results  of  this  study  indicate  that  SPK  might  be  involved  in  the  process  of 
ATP'induced  cell  growth  inhibition,  by  catalyzing  protein  phosphorylation,  which 
could  activate  growth  inhibitor,  or  its  receptor,  or  inhibit  growth-stimulating  factor 
or  Its  receptor. 
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Protein  phosphorylation  catalyied  by  a  number  of  protein  kinase  (PK)  activities  is 
known  to  occupy  a  key  role  in  diverse  metabohc  pathways  as  well  as  m  transmcmbranal 
signal  transduction.  We  have  found  that  a  wide  range  of  mammalian  cells  carry  two 
types  of  cell  surface-located  (ectc)-PK  activities  with  charactenstics  of  phosvitin/ 
casein  type  11  PK’  *  and  cAMP-dependent  PK.*  These  ccto-PK’s,  which  use  exogenous 
nucleotide  triphosphates  at  low  micromolar  concentrations  as  cosubstrate>  are  dis* 
cemable  provided  intact  cells  are  employed  (a  prerequisite)  and  provided  the  plasma 
membrane  barrier  is  carefully  controlled  (even  a  small  degree  of  cell  membrane 
perturbation  and  leakage  is  detectable).^  Under  such  conditions,  intact  cells  exert 
phosphorylation  of  a  specific  set  of  integral  cell  surface  proteins  (sensitive  against 
exogenous  trypsin)  via  their  phosvitm/casein  type  II  ecto*PK,  as  exemplified  for 
HeLa  cells  in  Figure  1,  as  well  as  extnnsic  proteins  such  as  phosvitin,  casein,  and 
fibrinogen.’’*  Both  the  exogenous  substrate  phosphorylation  reaction  and  phospho¬ 
rylation  of  surface  proteins  used  ATP  and/or  GTP  as  cosubstrates,  and  enzyme 
activity  was  inhibited  by  heparin  (ID^  <  1  pg/m\).  Although  the  phosvitm/casein 
type  II  ecto-PK  proved  to  be  stably  associated  with  the  cell  surface  even  during 
extensive  cell  washes  with  the  isotonic  incubation  fluid  (for  composition,  see  Fic  1), 
It  can  be  detached  to  a  considerable  degree  from  intact  cells  by  interaction  with 
exogenous  substrates  by  a  yet  unknown  mechanism.*  Because  the  amount  of  released 
ecto-PK  does  not  allow  the  study  of  molecular  aspects  of  the  enzyme,  as  an  intermediate 
step  we  are  analyzing  its  intracellular  counterpart.  The  highly  punfled  enzyme  was 
found  to  be  composed  of  three  different  subunits:  a,  a',  and  ^  (a  and  a'  are  the 
catalytic  subunits;  p  is  probably  the  regulatory  subunit*).  Recently  we  succeeded  in 
the  molecular  cloning  and  sequencing  of  the  P  subunit,  which  turned  out  to  be  a 
highly  conserved  protein.* 

Unambiguous  demonstration  of  cAMP-dependent  ecto-PK  was  obtained  recently* 
through  the  use  of  the  synthetic  peptide  Kemptide  (Leu-Arg-Arg-Ala-Ser-Leu-Gly), 
with  the  consensus  sequence  -R-R-X-S-  being  specific  for  cAMP-PK  Ecto-cAMP- 
PK  activity  that  can  utilize  only  ATP  as  cosubstrate  appears  to  be  directed  exclusively 
toward  exogenous  substrates  because  phosphorylation  of  cell  surface  proteins  (as  in 
Fig.  1)  was  influenced  by  neither  added  cAMP  nor  added  heat-  and  acid-stable 
Walsh-Krebs  inhibitory  protein  specific  for  cAMP-PK. 

To  understand  the  physiological  role  of  ecto-PK’s,  it  is  necessary  to  search  for 

^^This  work  was  supported  by  the  National  Council  for  Research  and  Development,  Jerusalem, 
Israel,  and  the  Deutsches  Krebsforschungszentrum  (grant  Ca37),  Heidelberg.  Federal  Republic 
of  Germany. 
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FIGURE  1.  Phosphotylation  patterns  of  intact  HcLa  cells  as 
generated  aRer  exposure  to  radiolabeled  ATP.  Culture  plates  S 
cm  across  containing  10*  cells  were  nnsed  and  incubated  with 
assay  mixture  consisting  of  70  mM  NaCl,  30  mM  Tns  (OHAc), 
5  mM  Mg(OAc)2.  5  mM  potassium  phosphate,  0  5  mM  EDTA, 
and  75  mM  glucose  (pH  7.2,  osmolanly  290  mOsm)  The  phos¬ 
phorylation  reaction,  which  was  started  by  addition  of  0  5  pM 
(y-”P]ATP  to  the  assay  mixture,  proceed^  for  15  mm.  Labeled 
cells  were  nnsed  with  the  mixture  containing  1  mM  unlabeled 
ATP  and  then  lysed  with  SDS-sampte  buffer  The  total  cell  lysates 
were  subjected  to  SDS-PAGE  (8,75%  acrylamide)  Shown  are 
the  autoradiographic  patterns  observed  (a)  with  reducing  agent 
(5%  v/v  /3-mercaptocthanoI),  (b)  in  the  absence  of  reducing 
agent,  and  (c)  after  labeled  cells  were  treated  with  005%  trypsin 
for  3  min  prior  to  lysis  Molecular  weight  marker  proteins  are 
indicated  in  kDa. 


•  '■ 

and  analyze  natural  substrates  and  the  significance  of  their  phosphorylation  Certain 
extracellularly  occurring  natural  peptides,  such  as  the  atrial  natriuretic  peptide  ( ANP), 
also  carry  the  sequence  'R-R^X-S*.  We  were  able  to  phosphorylate  the  ANP  with 
intact  cells  (Fig.  2),  suggesting  a  new  model  of  posttranslational  processing  of  this 
peptide.  Controls  in  the  absence  of  cells  or  with  cell  incubation  fluids  generated  only 
negligible  phospho-ANP  (as  was  also  observed  with  phospho-Kcmptidc),  suggesting 
that  ecto-cAMP'PK  remained  membrane  bound,  a  property  in  contrast  to  the  ecio- 
phosvittn /casein  type  II-PK. 

Ecto-PK-catalyzed  protein  phosphorylation  might  also  be  considered  as  a  mech* 
anism  controlling  cell  growth  inhibition  caused  by  extracellular  ATP  on  transformed 
cells.* 


FIGURE  2.  Phosphorylation  of  the  ANP  by  cAMP-depen- 
dent  PK  of  intact  cells  The  phosphorylation  reaction,  which 
proceeded  under  the  conditions  described  in  the  legend  of 
Figure  1,  was  earned  out  in  the  presence  of  5  jiM  cAMP 
and  1  ANP  for  10  min  with  intact  HeLa  cells  or  with 
cell  supernatants.  To  obtain  the  latter,  cells  were  preincubated 
for  10  mm  in  the  absence  of  radiolabeled  ATP  with  assay 
buffer  (with  or  without  cAMP/ANP),  and  aAer  complelion 
to  5  jiM  cAMP  and  1  mM  ANP,  the  celbfree  phosphorylation 
reaction  was  earned  out  for  another  10  min  Analysis  of  ANP 
labeling  was  earned  out  by  SDS-PAGE  ( 18%  acrylamide)  and 
autoradiography.  Quantitation  of  phospho-ANP  was  per¬ 
formed  by  cutting  out  gel  bands  and  determining  radioactivity 
by  scintillation  counting.  Given  are  the  amounts  of  phospho- 
ANP  as  generated  through  (a)  reaction  in  the  presence  of 
cells,  (b)  reaction  with  preincubation  buffer  (control  set  to 
100%),  and  (c)  reaction  with  preincubation  buffer  containing 
cAMP/ANP. 
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Human  hepatoma  Li<7A  cells  have  an  ectO'ATPase  activity  that  is  activated  by  either 
Mg**  or  Ca*',  and  is  sensitive  to  inhibition  by  p*chloromercunpheny)  sulfonate 
(pCMPS)  When  Li«7A  cells  are  cultured  in  the  presence  of  epidermal  growth  factor 
(EOF)  and  cholera  toxin,  or  forskolin,  or  cAMP  analogues,  the  ecto*ATPase  activity 
is  enhanced  5-10'fold.  The  induced  ecto*Ca**»ATPase,  as  it  is  more  active  with  Ca* 
ATP,  is  not  inhibited  by  pCMPS.'**  Moreover,  this  activity  is  significantly  different 
from  the  activity  on  the  untreated  cells  (referred  to  as  ecto-Mg**»ATPase)  m  its 
enzymatic  properties.’  Ecto*Mg***ATPasc,  which  is  more  active  with  Mg*ATP  than 
with  Ca*ATP,  is  enhanced  5-10*fold  when  Li-7A  cells  are  treated  with  2-5  niM 
butyrate,*  a  short-chain  fatty  acid  that  affects  cell  growth  and  gene  expression  in  many 
cells.*  Induction  of  the  two  ecto-ATPasc  activities  by  different  modulators  further 
supports  the  conclusion  (hat  they  are  manifested  by  different  enzymes. 

Maximal  induction  of  the  ecto-Ca**-ATPasc  by  the  synergistic  action  of  EOF  and 
a  cAMP-elevating  agent  requires  exposure  of  the  cells  to  the  modulators  for  4-5  days 
The  pnmary  action  of  EGF  is  considered  to  be  the  activation  of  the  tyrosine  kinase 
of  the  EGF  receptor.  Cyclic  AMP  activates  protein  kinase  A,  a  serine  protein  kinase 
Increase  of  the  ecto>Ca**-ATPasc  activity  could  be  the  result  of  1 )  enzyme  activation 
due  to  simultaneous  phosphorylation  of  the  enzyme  protein  by  EGF-stimulated  ty¬ 
rosine  kinase  and  protein  kinase  A,  or  2)  increased  gene  expression  regulated  by 
phosphorylated  proteins,  these  proteins  being  (he  targets  of  the  two  protein  kinases 
Inhibitors  of  tyrosine  kinase  will  prevent  increases  of  enzyme  activity  by  either  mech¬ 
anism.  Inhibitors  of  protein  synthesis  and  RNA  synthesis  should  not  affect  the  former, 
but  will  have  an  effect  on  the  latter. 

Genistem,  a  tyrosine  kinase-specific  inhibitor,*  inhibited  the  autophosphorylation 
of  the  EGF  receptor/kinase  by  (y-**P]ATP  in  Li-7A  cell  membrane  preparations 
(Fig.  1A)  When  added  together  with  EGF/cholera  toxin,  genistein  inhibited  the 
mdurtion  of  ecto*Ca**-ATPase  but  had  no  effect  on  ecto-Mg**-ATPase  (Fig.  IB) 
Induction  of  eclo-Ca**-ATPase  was  also  inhibited  by  cycloheximide  or  actmomycm 
D  (experiment  1  in  Table  1)  We  conclude  from  these  results  that  mdiiction  of  ecto- 
Ca**-ATPa$e  requires  increased  synthesis  of  mRNA  and  protein,  the  most  interesting 
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nCURE  1,  Eflfcct  of  genisiem  on  phosphorylation  of  L».7A  membranes  and  induction  of  ccto- 
^  EGF/chol«ra  toxm.  (A)  Membranes  from  Li*7A  cells  (20  ftg)  were  prein¬ 

cubated  for  10  min  at  0  ’C  in  45  pi  of  reaction  mixture  containing  10  nmol  HEPES  (pH  7  4), 
I  nmol  MnCI}.  005  nmol  Na,VO,,  and  IQO  ng  EOF  m  the  absence  and  presence  of  gemstein. 
Phosphorylation  was  initiated  by  the  addition  of  10  nmol  (y-”P)ATP  m  5  pi  (900.0)0  cpm/ 
nmol).  After  10  mm  at  0  ‘C  the  reaction  was  terminated  by  the  addition  of  25  pi  of  a  3x» 
concentrated  solution  of  Laemmli’s  sample  buffer.  The  samples  were  heated,  and  an  aliouot  (50 
pi)  was  applied  to  a  7.5%  acrylamide  gel  containing  SDS  Autoradiography  was  obtained  from 
dn^  gel  after  staining  by  Commassie  blue  and  dcstaimng  The  amounts  of  gemstein  added  for 
«ch  Mmple  were  0  (lane  1).  0  5  pg/ml  (lane  2),  and  I  pg/ml  (lane  3)  (B)  Li.7A  cells  (I 
X  10  «nj/well)  were  plated  on  day  I.  EOF  (100  ng/ml),  cholera  toxin  (5  ng/ml),  hydro- 
wrtiwnc  (25  nM).  and  the  indicated  concentrations  of  gemstein  (0-50  pg/ml)  were  added  on 

Ecto-Mg**.ATPase  activity  (•)  and  ecto- 
Ca  -ATPasc  activity  (A)  were  determined  on  day  4 


implication  being  that  the  ccto-Ca**-ATPasc  gene  contains  elements  responsive  to 
both  EOF  and  cAMP.  Induction  of  ccto-Mg^^-ATPasc  by  butyrate  was  also  inhibited 
by  actinomycm  D  and  cyclohcximidc  (experiments  2  and  3  in  Table  1 ).  aoJing  ecto- 
Mg''-ATPase  lo  the  list  of  eniymes  whose  gene  expression  is  regulated  by  butyrate. 
Definitive  proof  that  expression  of  the  genes  of  the  two  eclo-ATPascs  is  activated 
by  their  respective  modulators  is  yet  to  be  obtained.  Preliminary  results  indicated  the 
ccto-Mg  '-ATPase  of  U-7A  cells  is  similar  to  the  rat  liver  ecto-ATPase,'  whereas 
the  ecto  Ca*  -ATPase  is  different.  The  I.i-7A  cells  whose  two  ecto-ATPases  arc 
enhanced  dilferentiaily  will  be  useful  in  addressing  questions  of  isozymes,  physiological 
function,  and  gene  regulation  of  the  ecto-Mg‘* -ATPase  and  the  ccto-Ca'’-ATPase. 


TADLE  I.  Effect  of  Cycloheximide  and  Aciinomycm  D  on  Induction  of  Ecto*Ca**-ATPase  by  EGF  and  Cholera  Toxin  and  Induction 
of  Ecto-Mg**-ATPasc  by  Sodium  Butyrate' 


KNOWLES  &  MURRAY:  INDUCTION  OF  ECTO-ATPases  OF  Li-7A  CELLS 


521 


522 


ANNALS  NEW  YORK  ACADEMY  OF  SCIENCES 


REFERENCES 


1  Knowles,  A  F.  1988  Arch,  BiochwL  B.oph,s.  263:  264-271 

2  Knowles,  A.  F  1988.  J.  Cell  Physiol  134:  109-116 

3.  Knowles,  A  F  &  S  L  Murray  1988.  FASEB  J.  2:  A357. 

4  Murray,  S  L  &  A  F,  Knowles.  1988  J  ail  Biol  107:  124a. 

5.  Kruh,  j  1982.  Mol  Cell  Biochem  42: 65-82 

6  Akiyama,  T.,  j.  Ishida,  S.  Nakacawa,  H.  Ogawara,  S  -I.  Watanabe,  N.  Itoh,  M. 

Shibuya  &  Y  Fukami.  1987.  J.  Biol.  Chem  262:  5592-5595 
7.  Lin,  S..H.  &  G,  Guiixyrn.  1989  J.  Biol  Chem.  264:  14408-14414 


Characterization  of 
Ectonucleotidases  in  Chromaffin 
Cells 


M.  T.  MIRAS-PORTUGAL,  J.  PINTOR,  P.  ROTLLAN, 
AND  M.  TORRES 

Departamento  de  Btoqutmica 
Facuttad  de  Veterinana 
Untversidad  Cotnptutense  de  Madrid 
28040  Madrid.  Spain 


Secretory  vesicles  of  chromaffin  cells  store  catecholamines  and  ATP,  m  high  conccn* 
(rations.*  We  recently  found  that  diadenosine  polyphosphates  (AP4A  and  AP5A)  are 
also  stored  m  these  vesicles.^  The  granular  content  1$  released  to  the  extracellular 
medium  during  the  secretory  response.’  It  is  known  that  ATP  and  its  main  product, 
adenosine,  influence  many  biological  processes,*  including  the  secretory  response  in 
chromaffin  cells,  through  speciflc  plasma  membrane  receptors’  Also,  it  is  known  that 
the  diadenosine  polyphosphates,  ^th  ApiA  and  ApjA,  inhibit  the  nicotinic  and 
evoked  release  of  catecholamines  on  bovine  chromaffin  cells*  although  their  receptors 
have  not  been  characterized  yet. 

The  extracellular  nucleotide  actions  are  ended  by  an  enzymatic  degradative  mech* 
amsm.  The  enzymes  responsible  for  nucleotide  hydrolysis  have  been  charactenzed  in 
some  tissues,  like  endothelial  cells,’  cholinergic  synapses  from  mammalian  brain,’  and 
glial  cells  *  In  the  present  work  we  report  on  the  presence  of  ectonucleotidases  m 
chromaffin  cells, as  well  as  on  an  ectophosphodiesterase  able  to  hydrolyze  the  dia¬ 
denosine  polyphosphate  -Ap^A-. 

The  extracellular  ATP  and  ADP  were  rapidly  degraded  by  cultured  chromaffin 
cells  The  kinetic  parameters  for  ecto-ATPasc  and  ccto*ADPasc  arc  shown  in  Table 
1.  The  affinity  constants  were  similar  to  those  desenbed  for  endothelial  cells,  and  the 
values  were  higher  than  those  found  in  a  variety  of  cells.’'* 

The  ecto*5'-nucleotidasc  activity  was  more  specific  for  punne  iiuclectides,  AMP 
and  IMP,  than  for  pyrimidine  nucleotides,  CMP  and  TMP.  The  value  for  AMP 
was  higher  than  that  reported  in  other  tissues.  Nevertheless,  the  affinity  constants 
were  very  similar  (Table  1).  All  of  these  studies  were  earned  out  m  the  presence  of 
20  mM  ;3-g]ycerol  phosphate  to  avoid  nonspecific  phosphatase  activities  The  non* 
hydrolyzable  ADP  and  ATP  analogues  were  competitive  inhibitors  of  this  enzyme, 
llie  a,/3*methylene  adenosine  5'*dipho$phate  presented  a  /f,  value  of  73  ±  3.S  nM, 
and  the  adenylyl(/?,y*methylene)disphosphonate  presented  a  /T,  value  of  193  ±  29 
nM. 

The  phosphatidyhnosiicl-specific  phospholipase  C  (Pl-PLC)  released  the  ecto*5'* 
nucleotidase  from  chromaffin  cells  m  culture,  thus  suggesting  an  anchorage  through 
phosphatidyhnositol  to  plasma  membranes.  Nevertheless,  no  ATPase  or  ADPase 
activity  can  be  released  in  our  experimental  conditions  (Table  1) 
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Cultured  chromaffin  cells  can  also  hydrolyze  the  extracellular  Ap^A.  The  hydrolysis 
of  this  compound  is  nonsymmetncal,  ATP  and  AMP  being  formed  as  pr^ucts  of 
the  reaction  (Fig  1A).  In  Figure  IB  the  Michaelis-Menten  and  Lmeweaver-Burk 
kinetic  representations  are  shown— a  value  of  1.58  ±  0.5  and  a  value  of 
248  ±  64  pmol/10*  cells/mm  were  obtained.  Both  AMP  and  ATP  were  inhibitors 
of  this  enzyme.  The  apparent  AT,  values  were  3.6  ±  0.4  /xM  and  6  5  ±  0  3  >iM  for 
ATP  and  AMP,  respectively,  when  1  ftM  of  AP4A  was  employed. 

From  these  results,  it  seems  that  chromaffin  cells  are  able  to  recycle  the  granular 


4  8  12  2  4  6  e  10 

time  fmin) 


FIGURE  1.  Hydrolysis  of  extracellular  Ap«A  by  cultured  chromaffin  cells  (A)  Elution  profile 
of  5  pM  AP4A  hydrolysis  by  HPLC  at  0  and  I  mm  after  incubation  with  cultured  chromaffin 
cells.  The  retention  times  were  3  mm  for  AMP,  5  2  min  for  ATP,  and  9.4  mm  for  Ap«A, 
obtained  in  isocratic  conditions  with  10  mM  KPO.H^  buffer  (pH  7  4)  containing  2  mM 
tetrabutylammomum  and  15%  acetonytnie  (v/v),  with  a  C„  reveised'phase  column.  (B)  Ki> 
netics  of  AP4A  extracellular  hydrolysis  by  cultur^  chromaffin  cells  Expenments  were  done  in 
petn  dishes  containing  3  X  10^  cells  each  AM  velocity  values  were  from  the  lineal  penod  of 
enzyme  activity,  which  is  always  expressed  as  pmol/lO*  cells/min  The  mam  plot  is  the  Line- 
weaver-Durk  representation,  the  Michaelis  representation  is  shown  as  an  insert 

ATP  after  exocytosis.  Three  enzymatic  ectonucleotidase  activities  arc  present,  together 
with  efficient  adenosine  transport-"  On  the  other  hand,  adenosine  can  regulate  its  own 
transport  by  acting  on  the  Aj  receptors"  present  m  chromaffin  cells. 

The  extracellular  hydrolysis  of  ApjA  to  ATP  and  AMP  allows  the  complete 
recycling  of  the  most  representative  nucleotides  in  neural  storage  granules 
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ATP  contracts  the  guinea  pig  vas  deferens  by  stimulating  cell  surface  P,X  *punnocep» 
tors.  The  response  is  biphasic  at  concentrations  ^3  X  10"’  M,  indicating  that  ATP 
may  act  at  multiple  sites.  The  hrst  phase  is  inhibited  by  the  P^'punnoceptor  antagonist 
arylazido  aminopropionyl  ATP  (ANAPP,),  while  the  second  phase  is  inhibited  by 
penodate*oxidized  ATP  (P-ATP;  10"*  M,  5  min).'*  We  suggested'*’  that  the  first 
contractile  phase  is  mediated  by  ANAPP^^sensitive  receptors,  while  the  second  con* 
tractile  phase  is  transduced  by  a  P-ATP*sensitivc  phosphate  chain  cleavage.  Therefore, 
biochemical  evidence  was  sought  for  the  incorporation  of  ”P  from  [^•’’PJATP  and 
”S  from  [”S)ATPyS  into  vas  deferens  proteins. 

Using  protocols  employed  in  contraction  studies,  one  intact  vas  deferens  of  a  pair 
was  incubated  with  [y*”pjATP  (3  mM)or  [’’SjATPyS  (3  mM)  for  5  sec  and  served 
as  the  reference  for  the  contralateral  vas  deferens,  which  was  incubated  for  10,  20, 
30,  or  60  sec.  After  5,  10,  20,  30,  or  60  sec,  sodium  dodecyl  sulfate*polyacrylamide 
gel  electrophoresis  (SDS*PAG£)  dissociation  buffer  (100  *C)  was  added,  and  the 
tissue  was  homogenized  and  subjected  to  SDS*PAGE 

Autoradiograms  (FiC.  1)  indicated  incorporation  of ’*P  and  ”S  into  a  single  band 
( 19-21  kD).  The  time  courses  of  incorporation  followed  the  time  course  of  the  transient 
contraction;  that  is,  labeling  occurred  within  5  sec  and  returned  to  basal  level  by  60 
sec.  These  findings  suggest  that  ecto*phosphoryltransfer  is  involved  in  the  transduction 
of  the  second  phase  of  contraction  to  ATP. 

The  incorporation  of  ”S  at  60  sec  decreased  following  ANAPP,  and  P-ATP 
treatment.  In  protection  experiments,  the  incorporation  was  reduced  following  incu¬ 
bation  of  the  preparation  with  ATP  (10”*  M),  while  histamine  (10"’  M)  and  nor- 
epinephnne  (10~’  M)  did  not  reduce  incorporation. 

In  homogenized  vas  deferens,  ”S  incorporating  into  the  19-21'kD  protein  increased 
at  60  sec,  winch  is  in  contrast  to  what  was  observed  in  intact  vas  deferens  P-ATP 

^This  work  was  supported,  in  part,  by  a  grant  from  the  National  Institutes  of  Health  (PTR 
5  T32  GM07039.13) 
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treatment  of  intact  tissues  decreased  incorporation  of  at  5  sec  in  homogenate,  but 
not  at  60  sec 

These  results  indicate  that  the  response  of  the  guinea  pig  vas  deferens  to  ATP  and 
ATPyS  may  be  associated  with  the  phosphorylation  and  thiophosphorylation,  re¬ 
spectively,  of  a  19-2 1-kD  protein  associated  with  the  cell  surface  of  the  vas  deferens 
It  had  b^  proposed’  that  the  contractile  lesponse  of  the  guinea  pig  vas  deferens  to 
adenine  nucleotides  resulted,  in  part,  from  a  trsuisduction  arising  from  phosphate  chain 
cleavage.  The  results  shown  here  indicate  that  there  is  a  reversible  incorporation  of 

TIME  COURSE 


TIME 

FIGURE  1.  Time  course  of  ”S  incorporation  from  [’’SJATPyS  into  proteins  of  the  intact  vas 
deferens  The  gels  were  scanned,  and  the  incorporation  seen  at  5,  10,  20,  30,  and  60  sec  in  the 
test  vas  deferens  was  normalized  (as  relative  densitometnc  units)  in  relation  to  that  observed 
in  the  reference  vas  deferens  (5  see)  The  incorporation  of  radiolabel  followed  the  time  course 
of  the  contractile  response  to  ATPyS  in  the  isolated  vas  deferens  The  incorporation  of  ”S  into 
vas  deferens  proteins  was  significantly  decreased  {*  p  <  05)  at  30  and  60  sec  This  figure 
depicts  results  (mean  t  SEM)  from  five  expenments 

y-PO)Or  7-SPO]into  a  protein  in  the  vas  deferens,  and  that  this  process  may  account, 
m  part,  for  the  production  of  the  second  contractile  phase  induced  by  adenine  nu¬ 
cleotides. 
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In  striated  muscle  cells,  the  contraction^relaxation  cycle  is  controlled  by  a  sarcotubular 
membrane  system  consisting  of  the  transverse  tubule  (TT)  system  and  the  sarcoplasmic 
reticulum.  The  TT  membranes  are  continuous  invaginations  of  the  plasma  membrane 
or  sarcolemma,  and  constitute  over  80%  of  the  surface  membrane  of  stnated  muscle 
The  topic  of  TT  membranes  has  been  revieived  recently,’  The  TT  system  is  the  locus 
of  a  number  of  metabolically  significant  proteins,  including  receptors  for  the  Ca*'" 
channel  blockers  (the  richest  source  studied),  insulin  receptors  (80%  of  the  insulin 
receptors  in  stnated  muscle  and  perhaps  90%  of  orgamsmal  insulin  receptors  are  in 
the  TT  system),  adrenergic  receptors,  dystrophin,  and  glucose  transporters  (50%  of 
cytochalasin-sensitive  glucose  transporters  arc  in  the  TT  system);  a  panoply  of  TT 
proteins  have  been  found  to  serve  as  substrates  for  endogenous  and  exogenous  protein 
kinases  *  This  cholesterol-nch  membrane  possfss^  a  charactcnstic  complement  of  ion 
pumps,  channels,  and  enzymes. 

One  of  the  most  prominent  enzymatic  activities  found  in  highly  purified  TT 
membranes  is  a  Ca^"*  or  Mg*^*dependent  ATPase  (Mg*ATPase,  EC  3  6.1  3).  This 
concanavahn  A-modulated  enzyme  is  exclusively  localized  at  junctional  or  penjunc- 
tional  regions  where  the  TT  system  makes  penodic  contact  with  the  sarcoplasmic 

^This  work  was  supported  by  grants  from  the  Nauonal  Science  Foundation  (DCB  $613881 
and  INT  8515846)  and  by  the  California  Metabolic  Research  Foundation 

*To  whom  coircspondence  should  be  sent 
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reticulum.  It  possesses  a  number  of  physical,  enzymatic,  kinetic,  and  thermodynamic 
properties  that  easily  distinguish  it  from  other  striated  muscle  ATPases  dependent  on 
divalent  cations  and  present  in  the  sarcolemma,  in  the  sarcoplasmic  reticulum,  or  in 
intracellular  organelles  This  Mg«ATPase  appears  to  be  designed  to  catalyze  the 
hydrolytic  turnover  of  ATP  under  specilically  controlled  conditions  and  mediates 
unidirectional  catalysis  (hydrolysis)  vkithout  any  **partial  reaction”  characteristic  of 
ATPases  of  other  types.’ 

Ecto*ATPases  have  been  detected  in  a  variety  of  tissues’*^  and  have  been  defined 
by  criteria  proposed  by  Pearson.*  At  this  time,  the  sidedness  of  the  TT  Mg-ATPase 
has  not  been  fully  resolved.  As  seen  in  Table  1,  the  enzyme  shares  many  properties 
with  ecto«ATPases,  but  these  individual  properties  are  not  absolutely  unique  to  the 
latter.  Histochemical  studies  show  deposition  of  hydrolytic  products  intracellularly 
and  support  an  endo  function  of  the  TT  Mg*ATPasc,‘  in  agreement  with  our  prelim¬ 
inary  data  using  side-specific  radioligand  (saxitoxm  and  ouabain)  binding.  The  effects 
of  concanavalin  A  upon  the  ATPase  could  be  used  to  support  an  ecto  role,  but  these 
could  be  occurring  through  mediation  by  intracellular  glycosylated  conjugates.  The 
intact  single-cell  approach  used  to  characterize  ecto-ATPases  in  a  vanety  of  types’  * 
IS  virtually  impossible  to  conduct  with  dilferenliated  stnated  muscle.  This  approach 


TABLE  1.  Similar  Properties  of  the  Skeletal  Muscle  TT  Mg-ATPase  and 
Ecto-ATPases 


Lack  of  covalent  modification  by  fluorescein  isothiocyanate 

Lack  of  inhibition  by  ouabain,  oligomyctn,  azide,  and  iV-ethy!ma)eimide 

Lack  of  inhibition  by  vanadate  and  thereby  a  probable  lack  of  a  phosphoenzyme 

Prominent  inhibition  by  detergents 

A  broad  nucleoside  triphosphate  substrate  specificity 

Activation  by  Mg’*  or  Ca’* 

Oiycosylation 
Modulation  by  lectins 
Absence  of  “partial  reactions” 


could  be  used  m  undifierentiated  stnated  muscle,  but  TT  formation  occurs  well  after 
myoblast  fusion  Minimally,  the  TT  Mg-ATPase  possesses  a  glycosylated  protein,  with 
an  A/,  of  85  kDa,  that  can  be  reduced  to  a  protein  core,  with  an  A/,  of  about  65  kDa 
(similar  to  a  rat  liver  ecto-ATP/ADPase*),  but  comparative  N-tcrminal  sequence 
analyses  show  no  commonality.  On  the  other  hand,  isoforms  appear  to  exist  among 
the  ecto-ATPases  that  appear  to  differ  in  their  ability  to  cleave  ADP  and  m  their 
sensitivity  to  site-labeling  reagents  Studies  employing  tnad-denved  TT  membrane 
vesicles,  in  situ  labeling  reagents,  and  molecular  cloning  are  underway  to  absolutely 
define  the  sidedness  of  the  TT  Mg-ATPase 


MODULATION  BY  PHOSPHOLIPID-DERIVED  SECOND 
MESSENGERS  AND  LIPOPHILIC  AGENTS 


Because  of  the  prominent  Tnton  X-IOO  inhibition  of  the  TT  Mg-ATPase  at  sub- 
cntical  micelle  concentrations  (mimicking  ATP  at  a  low-affinity  nucleotide  site*  ’), 
evaluation  of  the  effects  of  known  lipophilic  and  amphipaihic  regulatory  agents  was 
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initiated.  The  enzyme  was  found  to  be  responsive  to  free  fatty  acids  (inhibition)  and 
fatty  acyl  coenzyme  A*s  (activation)  at  subcntical  micelle  concentrations,  suggestive 
of  a  highly  sophisticated  regulatory  mechanism  for  the  control  of  ATP  hydrolysis ' 
The  high  affinity  of  the  putative  Regulatory  $ite(s)  for  the  above  agents  has  led  to 
the  evaluation  of  lipid  second  messenger  effects  upon  the  TT  Mg*ATPase.  As  seen  in 
Table  2,  the  chicken  TT  Mg*ATPase  is  inhibited  by  submicromolar  concentrations 
of  phorbol  esters  (phorbol  12*myristate*13'acetate  and  4‘a-phorbol  12,  IS-dideca- 
noate)  and  diacylglycerols  (rac~  and  5n*oleoyl*2*acetylglyferol).  It  is  significant  that 
the  enzyme  is  inhibited  by  both  phorbol  esters  noted  a^ve:  The  regulatory  (inhibitory) 
site  on  the  TT  Mg-ATPase,  because  it  is  sensitive  to  both  phorbol  12*mynstate-13« 
acetate  and  4*a*phorbol  didecanoate,  is  distinguishable  from  the  activation  site  on 
protein  kinase  C  (PKC),  which,  like  the  TT  Mg-ATPase  site,  is  sensitive  to  di- 
acylglycerols,  but  which,  unlike  the  TT  Mg-ATPase  site,  is  only  sensitive  to  the  former 
phorbol  ester.  Other  unpublished  data  from  our  laboratones  show  that  several  PKC 
inhibitors  are  without  effect  upon  cither  the  TT  Mg-ATPase  or  its  responses  to  phorbol 
esters  or  diacylglycerols  Of  further  significance  the  known  inhibition  of  PKC  by 
sphingosine  is  directly  complemented  by  its  activation  of  TT  Mg-ATPase.  Related  to 


TABLE  2.  Effects  of  Diacylglycefols,  Phorbol  Esters,  and  other  PKC  Modifiers  upon 
the  TT  Mg-ATPase 


Effect  Upon  Mg-ATPase 
(^Vs*) 

Effect  Upon  PKC 

Phorbol  12-mynstate-t3-ac«tate 

Inhibition  (0  2  ±  002  pM) 

Activation 

4-a-Phorbol  12,13-didccanoate 

Inhibition  (0.3  ±  001  ^M) 

No  effect 

«c-01coyl-2-acetylglyc«rol 

Inhibition  (17  ±  04^M) 

Activation 

i.'i-01eoyl-2-ac<iylglycerol 

Inhibition (05  ±  0 1  ^M) 

Activation 

jn-Stearoyl-2-arachidonylg!yccrol 

No  effect 

Activation 

Sphingosine 

Activation  (1  ±  0.1  pM) 

Inhibition 

H.7 

No  effect  at  24  pM 

Inhibition 

*  Concentration  for  half-maximal  effect. 


lectin  modulation  of  the  TT  Mg-ATPase'  *  the  above  phorbol  ester  and  diacylglycerol 
inhibitions  are  protected  by  concanavalin  A. 

This  IS  the  first  report  of  diacylglycerol  regulation  of  an  enzymatic  system  other 
than  PKC.  Importantly,  although  the  concentration  of  phorbol  12'mynstate- 13-acetate 
necessary  for  inhibition  of  the  TT  Mg-ATPase  is  50-fold  higher  than  that  for  phorbol 
12-myri$tate-13-acetate  activation  of  PKC,  the  ATPase  is  2-5  times  more  sensitive 
to  the  natural  regulatory  diacylglycerols  than  is  PKC  It  is  probable  that  the  'IT  Mg- 
ATPase  is  stoichiomctncally  a  more  potent  diacylglycerol  receptor  than  PKC  in 
striated  muscle.  As  with  the  fatty  acyl  coenzyme  A’s  and  free  fatty  acids,  there  is  a 
chain  length  dependence  for  diacylglycerols  because  fn-$tearoyl-2-arachidonylgIycerol 
was  without  effect;  the  absence  of  5n-stcaroyl-2-arachidonylglycerol  effects  may  be 
indicative  of  regulation  by  diacylglycerols  generated  from  phospholipase  C-  and  phos- 
pholipose  D-mediated  turnover  of  phospholipids  other  than  the  phosphomositides 

In  summary,  the  TT  Mg-ATPase  responds  to  traditional  PKC  activators  and 
inhibitors  but  in  a  completely  opposite  sense  to  PKC.  The  chain  length  specificities 
and  saturability  under  low  subcntical  micelle  concentrations  are  indicative  of  specific 
binding  and  regulation  rather  than  a  general  lipid  effect.  The  effects  of  these  lipophilic 


KANG  tt  ali  PROPERTIES  OF  Mg-ATPase 


533 


and  amphipathic  agents  upon  the  TT  Mg*ATPase  are  independent  of  PKC.  Under 
conditions  where  the  TT  Mg-ATPasc  is  maximally  inhibited,  PKC  would  be  expected 
to  be  fully  activated.  From  an  endo-ATPase  perspective,  regulation  of  intra*  or  per* 
ijunctional  ATP  hydrolysis  would  occur  under  conditions  that  would  maximize  phos* 
pholipase/PKC  and  inositol  tnsphosphate  modulation  of  Ca^^  release  and  place  TT 
Mg*ATPase  activity  in  phase  with  the  sarcoplasmic  reticulum  Ca*ATPase  during 
muscle  relaxation  From  an  ecto*ATPa$e  persp^tive,  a  regulation  of  extracellular 
ATP  hydrolysis  would  occur  that  could  maximum  PKC  effects  mediated  by  punnergic 
Pj  receptors.  The  level  of  striated  muscle  Pj  receptors  and  the  activity  of  PKC  in  TT 
membranes  and  tnads  are  being  evaluated. 
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INTRODUCTION 


Previously  we  have  reported’  that  cardiac  ventricular  myocytes  of  the  rat  contain 
PjY’purinoceptofs*  on  the  external  surface  of  the  sarcolemma,  which  upon  activation 
lead  to  transient  depolarization  and  activation  of  cation  channels  in  the  plasma  mem' 
brane.  This  results  in  influx  of  extracellular  Ca’*  into  the  cytosol  and  a  further  flux 
of  Ca’^  into  the  cytosol  from  intracellular  stores'  Previous  dau  also  suggested  that 
hydrolysis  of  high-energy  phosphate  bonds  was  essential  for  activity  of  extracellular 
adetime  nucleotides.’  The  present  work  on  cardiac  ventncular  myocytes  using  cither 
single  cells  or  cells  in  bulk  suspension  further  investigates  the  properties  of 
transients  induced  by  extracellular  ATP  and  the  mechanism  of  extracellular  ATP 
action.  In  particular,  the  desensitization  (which  rapidly  develops  in  ventricular  my¬ 
ocytes  upon  repeated  application  of  extracellular  ATP  and  to  subsequent  electneal 
stimulation)  is  examined. 


^This  woxk  «a$  supported  by  grants  from  the  National  Heart,  Lung,  and  Blood  Institute 
(HL'14461).  the  Amencan  Heart  Association  (Southeast  Pennsylvania  Chapter),  and  the  Ice¬ 
landic  Science  Foundation  (Visindasjodur  Islands) 

^A  postdocioral  fellow  supported  by  Le  I'onds  de  la  Recherche  Same  du  Quebec,  Canada 
^To  whom  correspondence  should  be  addressed  Address  for  correspondence  Metabolic  Re 
search  Laboratory,  RadchSe  Inflrmary,  Woodstock  Road,  Oxford  0X2  6HE,  England 
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MEraODS 


The  isolation  of  rat  cardiac  ventricular  myocytes  and  the  measurement  of  [Ca^^]| 
m  bulk  suspensions  of  these  cells  by  fura4  have  been  described  previously.'*’  In  single 
cell  experiments,  100  /tl  of  cell  suspension  (5.0  mg  dry  wt  •  ml buffer)  were  mixed 
with  900  /il  of  oxygen*saturated  Hepes-Krebs-Henseleit  buffer  (CaClj  ~  1.2S  mM) 
that  contained  15-20  uM  of  fuia-2/AM  (Calbiochem)/  The  whole  aliquot  was 
transferred  to  a  fibronectin-coated  glass  coverslip  (4  mg  %  w/v).  The  fura«2  loading 
penod  was  20-30  mm,  and  during  this  time  the  celts  became  attached  to  the  coverslip. 
The  coverslip  with  the  loaded  cells  was  washed  three  times  with  buffer  and  transferr^ 
to  a  cell  chamber  containing  3  ml  of  the  above-named  buffer,  which  was  kept  at  35  *C. 
The  cell  chamber  was  mounted  on  the  stage  plate  of  an  upright  Nikon  Inverted 
Diaphot  TMD  epifluorescence  microscope  (lOOX  Nikon  fluor  objective,  Nippon  Ko- 
gaku)  and  illuminated  with  an  alternating  340-nm  and  380-  m  light  by  a  spinning 
wheel  ( 100  Hz)  fluorometer.’  The  emitted  light  was  filtered  with  a  broad  bandpass 
filter  (470-600  nm).  Changes  in  cell  fluorescence  were  measured  with  a  photomultiplier 
coupled  to  an  IBM- AT  clone  computer  with  a  CLAB  data  acquisition  system  (Indec 
System,  Sunnyvale,  CA)  Data  were  collected  at  10  points  •  sec'*  with  averaging  (64 
values  per  point),  'fhe  O’*  measurements  were  performed  on  single  cells  of  average 
size  and  healthy  appearance  (rod  shaped  with  no  blebs)  that  were  isolated  within  the 
field  of  view  and  that  had  an  average  fluorescence  Intensity.  The  fura-2  signal  was 
recorded  at  excitation  wavelengths  of  340  nm  and  380  nm  (indicating  the  Ca’*^ -bound 
fura-2  and  free  fura-2,  respectively)  to  assess  changes  m  fluorescence  reflecting  changes 
m  (Ca’^),.  Results  were  expressed  as  (Ca’*],  in  rM  after  direct  calibration  in  individual 
cells  Calibration  was  carried  out  by  increasing  (Ca**),  to  6  25  X  10"’  M,  which 
allowed  rapid  saturation  of  intracellular  fura-2  with  Ca’^  upon  addition  of  ionomycin 
(final  concentration:  2  X  10"’  M)  (R.*,)*  The  value*  was  obtained  by  adding 
EGTA  (final  concentration:  2  X  10"’  M)  to  the  system  after  alkalinization  to  pH 
8.3  with  Tris  base. 

Compounds  to  be  tested,  that  is,  isoproterenol,  forskolin,  BAY  K  8644,  KCl,  and 
ATP  (ATP  either  alone  or  mixed  with  tetrodotoxin),  were  injected  into  the  cell 
chamber  at  low  pressure  ( <3  psi)  through  a  micropipette  (outlet  diameter:  1.5  jrm), 
positioned  about  20  jim  from  the  surface  of  the  cell  to  be  studied  (injection  system. 
Multi-Channel  Picospntzer  II,  General  Valve,  CA).  Field  electneal  stimulation  was 
carried  out  using  platinum  wires  (thickness:  25  jim)  placed  in  the  cell  chamber  and 
a  Grass  SD9  electrical  stimulator  ( 100  V,  10  msec,  stimulation  rate  vanable,  controlled 
manually). 

In  hulk  cell  suspension  studies,  the  compounds  being  studied,  that  is,  ATP  (sodium, 
fns,  or  magnesium  salts),  KCl,  caffeine,  and  tetrodotoxin,  were  injected  in  appropnate 
amounts  into  the  cell  cuvette  to  give  the  final  concentration  required.  Changes  in 
fluorescence  were  also  continuously  monitored  in  single  myocytes  or  bulk  suspensions 
of  myocytes  incubated  in  buffer  containing  bisoxonol'  (DiSBa-C:(3),  Molecular 
Prob«,  Eugene,  OR)  (I  X  10'*  M-l  X  !0~*  M),  using  the  fluorometer  described 
above  quipped  with  an  excitation  interference  filter  centered  on  540  nm  and  an 
emission  filter  centered  on  580  nm.  Bisoxonol  fluorescence  in  suspensions  of  gramicidin 
(200  nM)-treatcd  ventncular  myocytes  incubated  in  buffer  containing  varying  Na^ 
concentrations  (Na^  being  replaced  to  a  varying  degree  by  iV-methyl-/)-glucamine) 
was  recorded  and  plotted,  as  shown  in  Figure  1,  as  a  function  of  calculated  trans- 
membrane  potential  values  (Em)  according  to  the  following  equation: 

=  -  59  log  [K"  +  Na*).  /  (K*  +  Na*L 
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FIGURE  1.  Bisoxonol  fluorescence  from  gramicidin 
(200  nM)-tfeated  cardiac  ventricular  myocytes  in  sus¬ 
pensions  plotted  as  a  funcUon  of  transmembrane  poten¬ 
tial  (£m)  (calculated  values)  Suspended  cardiac 
ventncular  myocytes  (2.5  mg  dry  weight  •  mg~')  were 
equilibrated  in  buffer  containing  bisoxonol  (1  X  10~’ 
M)  The  Na*  of  the  incubation  buffer  was  varied  by 
replacing  it  with  A^-methyl-jD-glucamine  of  equimolar 
concentratioiiS  Bisoxonol  fluorescence  was  recorded  in 
arbitrary  units  (A/)  The  £»  was  calculated  as  described 
in  Methods  The  straight  tine  is  the  flrst-order  polynomial 
(least-squares  fit  regression  line)  for  the  first  three  plotted 
data  points  (A/  =  0  10579/  +  12  233;  r*  «  0984); 

the  curve  is  a  second-order  polynomial  (A/  «  12  684  — 
0.14115/  +  3.8845  •  10“"  ;c^  »  0991)  for  all  four 

plotted  data  points  The  plotted  data  points  represent  x 
+  SEM  {S  «  5-9)  According  to  this  calibration 
method,  the  £m  of  cardiac  ventricular  myocytes  in  sus¬ 
pension  in  the  presence  of  extracellular  ATP  (1  X  10"* 
M)  (magnesium  salt)  was  estimated  at  —58  ±  11  mV 
(SEM,  N  ^  A)  (Eu  being  assumed  to  be  between  —85 
mV  and  -95  mV  in  these  cells  at  rest). 


This  procedure,  which  has  been  described  by  Breuer  et  al,*  allowed  calibration  of  the 
transmembrane  potential  and  quantitative  assessment  of  ATP-induced  depolanzation. 


RESULTS  AND  DISCUSSION 


In  the  present  study,  we  have  monitored  in  fura-2-loaded  cardiac  ven¬ 

tncular  myocytes  at  rest,  dunng  electneal  stimulation,  and  dunng  and  after  extra¬ 
cellular  exposure  to  ATP.  As  shown  in  Figurcs  2  &  3,  a  considerable  heterogeneity 
of  (Ca*^  J.  response  to  extracellular  ATP  ( 1  X  10’*  M)  was  observed  in  cxpenmenls 
using  bulk  suspensions  of  cells  as  well  as  in  those  using  single  cells.  Extracellular 
ATP-mduced  increases  in  (Ca**),  were  usually  transient.  In  some  single  cells  (Fig. 
4),  however,  the  (Ca**^],  sometimes  remained  high  despite  the  fact  that  ATP  was 
applied  for  a  limited  time  only  (usually  30  or  60  sec),  and  was  subsequently  diluted 
away  after  cessation  of  agonist  puffing  (as  could  be  confirmed  in  dummy  experiments 
with  trypan  blue  in  the  pipette)  In  both  cell  preparations,  the  initial  rate 
rise  after  ATP  stimulation  was  usually  fast  and  was  followed  by  a  further  increase 
with  a  slower  rate  of  rise  (Figs  2A-2D)  Sometimes,  however,  the  opposite  could 
happen  (Figs.  2E,  2F  &  3B)  In  36  bulk  cell  suspension  experiments,  the  “time-to- 
peak”  of  the  response  to  extracellular  ATP  stimulation  was  estimated  at  14  2 

±  1  2  sec  (SEM;  range:  5.9-230  sec).  The  rate  of  decay  of  the  extracellular  ATP- 
mduced  transient  also  vaned  greatly,  the  ^  being  33,2  ±  3.9  sec  (SEM;  N  =  24, 
range.  7.5-99  0  sec).  Vanations  in  the  (Ca**],  response  can  be  explained,  in  part,  by 
the  heterogeneity  of  the  cell  population  ^  Some  cells,  for  example,  can  be  intolerant 
to  extracellular  at  the  concentration  of  Ca**^  used  m  the  incubation  buffer  (1.25 
niM).  This  may  result  in  elevated  and  vanous  states  of  contractility,  as  can 

easily  be  confirmed  by  light  microscopy  '^esc  cells  tended  to  respond  to  extracellular 
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ATP  m  a  sluggish  way  In  single  cell  expenments  such  cells  could  be  avoided  by 
selecting  for  long,  rod'Shaped,  noncontracted  cells.  According  to  our  observations, 
however,  these  morphological  critena  do  not  guarantee  a  homogeneity  of  cell  response 
since  apparently  normal  looking  fod*shaped  myocytes  can  respond  to  external  stimuli 
like  ATP  in  a  very  different  manner.  Sometimes  the  [Ca^^],  response  is  multiphasic, 
and  the  mam  effect  on  [Ca*^],  may  occur  late  or  after  the  cessation  of  injection  of 
the  agonist  (Fig  2F).  Of  course,  vanatton  in  experimental  conditions  cannot  be  fully 
excluded,  such  as  vanation  in  injection  pressure,  diameter  of  the  micropipette,  or 
position  of  the  cell  relative  to  the  injection  pipette.  Another  factor  that  might  have 
caused  variability  m  cell  response  relates  to  the  time  of  use  of  the  freshly  prepared 
myocytes  We  put  great  effort  into  maintaining  our  fresh  cells  by  frequently  changing 
the  oxygenated  suspension  buffer  (every  5  mm)  and  by  keeping  the  cells  well  oxy> 


FIGURE  2.  Extracellular  ATPonduced  changes  in  in  fura>2>loaded  cardiac  ventncular 

myocytes  of  the  rat  (A)  The  effect  of  ATP  (I  x  I0“*  M)  (magnesium  salt)  and  clectncal 
stimulations  m  bulk  suspension  of  myocytes  incubated  in  norma)  buffer.  (B)  llie  effect  of  ATP 
( 1  X  10~*  M)  (Tns  salt)  and  electrical  stimulaticns  in  bulk  suspensions  of  myocytes  incubated 
in  buffer  where  Na"^  had  been  replaced  by  an  equimolar  concentration  of  Li*  (C-F)  The  effect 
of  ATP  (magnesium  salt)  on  {Ca**l,  m  single  cardiac  ventncular  myocytes  In  the  single  cell 
expenments  ATP  (1  X  10"*  M)  was  injected  into  the  buffer  close  (—20  jim)  to  the  cell  being 
studied  (injection  time  30  sec  or  60  sec,  as  marked  on  the  figures)  Note  the  desens’iization  to 
a  second  addition  of  ATP  in  expenment  E,  and  the  supprev^  response  to  elecincal  stimulations 
after  addition  of  ATP  in  expenments  A  and  B  Note  also  that  replacing  Na*  (A)  by  Li^  (B) 
in  the  incubation  buffer  had  little  effect  on  the  extracellular  ATP>induced  increase  m  [Ca‘^), 
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FIGURE  3.  Effects  of  repeated  additions  of  ATP 
and  electrical  stunulations  on  m  cardiac 

ventricular  myocytes  (A)  The  el*  4  of  ATP  (1 
X  lO"*  M)  (sodium  salt)  >  ed  twice)  on 
suspension  of  fura'2>loaded  4‘  ular  myocytes; 
also,  the  effect  of  a  subsequ' addition  of  KCl 
(4  X  10”*M)andcaffeinc(5  X  lO"*M)(twice) 
(cytosolic  concentration  of  fura«2‘  46  ^M)  (B) 
The  effect  of  repeated  injections  (60  sec)  of  ATP 
on  a  single  ventricular  myocyte  (sodium  salt,  ap¬ 
plied  at  1  X  10~*  M),  also,  the  effect  of  subse¬ 
quent  injections  of  KCI  (2  X  10"*  M)  (2-sec 
injections,  twice).  Note  the  lack  of  suppression 
of  electrically  induced  [Ca**],  transients  follow¬ 
ing  injection  of  ATP  in  the  single  celt  (B).  Un¬ 
fortunately,  electrical  stimulation  was  not  earned 
out  dunng  the  actual  injection  of  ATP  in  the 
present  study,  but  this  might  have  revealed  ATP- 
induced  suppression  of  the  electneal  transients 


genated.  Despite  these  efforts,  we  observed  a  progressive  decline  in  response  and  an 
increased  vanability  in  response  pattern  of  the  myocytes  to  ATP  or  electneal  stim¬ 
ulation  3-4  hr  after  the  cells  were  prepared  (data  not  shown).  We  have  therefore 
limitnl  our  experiments  to  that  time  frame. 

Resting  levels  of  [Ca**],  were  usually  estimated  at  between  50  nM  and  100  nM 
in  both  single  cells  and  in  bulk  suspensions  of  cells  Upon  electrical  stimulation,  or 
stimulation  by  extracellular  ATP,  (Ca**),  usually  did  not  rise  above  200-300  iiM, 
which  is  in  agreement  with  recently  published  studies.*'*  In  spite  of  these  low  [Ca*^], 
values,*  electrical  stimulation,  or  stimulation  by  extracellular  ATP,  caused  cell  con¬ 
traction  as  confirmed  by  light  microscopy.  In  bulk  suspensions  of  cells  desensitization 
toward  repeated  extracellular  addition  of  ATP  rapidly  developed.  Responses  to  sub¬ 
sequent  electneal  stimulation  were  also  attenuated  (Fics.  2A  &  2B)  Similar  results 
were  usually  observed  in  single  cells.  However,  no  suppression  of  electneal  stimulation 
was  observed  in  some  of  the  single  cells  following  addition  of  ATP,  m  spite  of  full 
suppression  of  the  response  to  a  second  addition  of  extracellular  ATP  (Fic.  3B) 
Repeated  additions  of  ATP  also  resulted  in  an  inability  of  extracellular  ATP  to 


FIGURE  4.  The  effect  of  the  1,4-dihydropyndine  calcium  agonist  DAY  K  8644  on  the  extra¬ 
cellular  ATP-mduced  increase  m  a  fura-2-loaded  single  cardiac  ventncular  myocyte 

(A)  The  cell  incubated  in  buffer  alone  (B  &  C)  The  same  cell  as  in  A  incubated  in  buffer 
containing  BAY  K  8644  (5  X  10"*  M)  ATP  (1  X  10'*  M)  (magnesium  salt)  was  injected 
for  30  sec  each  time,  in  B,  about  5  min  after  the  addition  of  BAY  K  8644,  in  C,  about  12  min 
and  about  16  mm  after  the  addition  of  DAY  K  8644 
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depolarize  the  myocytes  (increase  bisoxonol  fluor«cence)  (Fio.  5A).‘  The  observation 
that  tetrodotoxin’®*"  blocks  the  effect  of  extracellular  ATP,  not  only  on  the  [Ca^^J.,* 
but  also  on  the  transmembrane  potential  (Figs.  5B  &  5D-5F),  suggests  that  fast  Na*^ 
channels  of  the  sarcolemma  arc  involved  in  the  effect  of  extracellular  ATP  on  (Ca*”*^), 
in  ventricular  myocytes,  and  that  transmembrane  depolarization  is  a  necessary  causd 


FIGURE  5.  Effects  of  extracellular  ATP  (magnesium  salt)  and  KCI  on  bisoxonol  fluorescence 
in  cardiac  vcntncular  myocytes  of  the  rat.  (A)  The  effect  of  ATP  (I  X  lO"*  M)  (applied  twice) 
on  suspension  of  myocytes,  followed  by  addition  of  KQ  (2  X  10~*  M)  (B)  The  effect  of  ATP 
( 1  X  10"*  M)  (applied  twice)  on  suspension  of  myocytes  pretreated  with  tetrodotoxin  (TTX) 
(5  X  10”*  M),  followed  by  addition  of  KCI  (2  X  lO"*  M).  (C)  The  effect  of  repeated  additions 
of  KCI  ( 5  X  10  “  ’  M )  on  cell  suspension  of  myocytes  (cumulative  concentration  response  study) 
(D)  The  effect  of  ATP  (1  X  10  '*  M)  on  a  single  vcntncular  myocyte  (applied  for  30  sec), 
followed  by  addition  of  KCI  (2  X  10~*M)for30scc  (E)  The  effect  of  a  simultaneous  addition 
of  TTY  (2  X  10"*  M)  and  ATP  (1  X  10“*  M)  on  a  single  vcntncular  myocyte  (applied  for 
60  sec),  followed  by  addition  of  KCI  (2  X  10"*  M  for  60  sec)  (F)  The  effect  of  9  simultaneous 
addition  of  TTX  (2  X  10"*  M)and  ATP(!  X  IO'*M)onasinglccardiac  vcntncular  myocyte 
(applied  twice,  for  60  sec  each  time),  followed  by  addition  of  KCI  (2  X  10"*  M  for  30  sec) 
TTX  and  ATP  were  added  together  as  s  mixture 


factor  in  the  mechanism  of  this  effect.  In  the  presence  of  l,4>dihydropyridme 
agonist  BAY  K  8644  (  5  X  10'*  M),’*"‘*  suppression  of  the  extracellular  ATP-induccd 
[Ca^*^].  increase  was  not  observed  in  single  cells  upon  repeated  additions  of  ATP 
(Fig.  4)  In  fact,  a  second  addition  of  ATP  resulted  in  a  further  increase  in  the 
[Ca**^].  (Fig.  4A-4C).  Also,  prelrcatment  of  single  myocytes  with  isoproterenol  or 
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forskohn,  compounds  with  strong  positive  inotropic  effects  on  the  heart, prevented 
ATP'induccd  suppression  of  electrically  indiK^  transients  (data  not  shown). 

This  indicates  that  the  ATP*induccd  tncrc^  in  {Ca**]i  results  from  Ca*'*^  influx 
through  dihydropyndine-scnsitivc  Ca**  channels,”  and  that  the  prolonged  open  time 
of  these  channels  m  the  presence  of  BAY  K  8644”  can  compensate  for  the  suppressive 
effect  of  repeated  additions  of  ATP.  Phosphorylation  of  these  channels,  induced  by 
isoproterenol  or  forskolin,  may  also  increase  the  Ca^^  influx  through  these  channels 
during  depolarization  of  the  sarcolemma"*”  induced  by  extracellular  ATP 
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